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Fluid dynamics influence cells in suspension in a multitude of settings. Red blood
cells and white blood cells are advected through biological microchannels in both
the cardiovascular and lymphatic systems and, as a result, are subject to a wide
variety of complex fluidic forces as they pass through. In vivo, it is hypothesised
that microfluidic forces influence different biological processes such as the spread-
ing of infection, cancer metastasis and cell viability, highlighting the importance
of fluid dynamics in the blood and lymphatic vessels. This suggests that in vitro
devices carrying cell suspensions, such as lab-on-a-chip, flow cytometry and some
steps of cell therapies, also influence the viability and functionality of cells. Indeed,
retaining cell viability is important in the emerging field of cell therapy as cells need
to be returned to patients’ bodies. However, several studies have pointed to high
shear regimes as a contributing factor to cell death. It is, therefore, unclear how
laminar flow affects cell viability, how inertial forces affect cells’ passage and how
the latter influences the former. This thesis begins by reviewing the current studies
which have investigated how these fluidic forces affect the reactions of suspended
cells. The influence that varying Reynolds number, and the corresponding wall
shear stress (1.5-10 Pa) has on the viability of different circulating cell lines in two
different systems is then investigated. Next, the inertial positions of two represen-
tative breast cancer cell lines were found. Finally, the influence that varying elastic
modulus has on the inertial positions of circulating cells in laminar pipe flow was
investigated by altering the elastic moduli of two representative cancer cell lines by
18% and 35%. It was found that increasing shear stress in a cone and plate above
3 Pa caused cell death of up to 91.8% to occur in breast cancer cells, however, wall
shear stress as high as 10 Pa in circulation has little to no effect on cell viability of
breast cancer cells or T-cells. Certain cell types including neuroblastoma cells and
fibroblasts are affected and viability was as low as 28.4% and 25.3% respectively
at similar shear levels. Inertial lift forces that move cells towards the centre of
the channel protect them from experiencing detrimental levels of wall shear stress,
indicating that wall shear stress in Poiseuille flow is not a good predictor of cell
viability during advection. Finally, it was found that benign, stiffer cancer cells
had a larger distribution across the channel width than metastatic, deformable
cancer cells, however, a decrease in the deformability of the benign cells resulted
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The transport of cells by fluids at the submillimeter scale plays a key role in phys-
iology and bioprocessing.
Red blood cells (RBCs), white blood cells (WBCs) and sometimes cancer cells
are advected through biological microchannels in both the body’s cardiovascular
system (CS) and the lymphatic system (LS) and, as a result, are subject to a wide
variety of complex fluidic forces as they pass through. Furthermore, cells resident
in static tissue experience interstitial flow (see Figure 1.1). Cells contain receptors
which can detect both mechanical and chemical stimuli in their environment and
cause them to react appropriately (Bufi et al. 2015, Park et al. 2020). For this
reason, the microfluidics in the channel can affect more than just their trajecto-
ries within the channel. Fluidic forces have been shown to influence the viability
(Barnes et al. 2012, Mitchell et al. 2015, Fu et al. 2016, Fan et al. 2016, Regmi et al.
2017, Jin et al. 2018, Krog & Henry 2018, Xin et al. 2019, 2020) or functionality of
living cells (Fu & Liu 2012, Regmi et al. 2017), while they may also influence cell be-
haviours such as cell adhesion to the vessel wall (Azevedo et al. 2015), highlighting
the importance of fluid dynamics in the blood and lymphatic vessels as well as in
lab-on-a-chip and other microfluidic devices and techniques, such as flow cytometry
and cell sorting, that involve cell suspensions flowing through microchannels.
Several studies have found that the viability of certain cell suspensions in cer-
tain environments remain uncompromised, such as those of human embryonic stem
cells in a stirred vessel (Cameron et al. 2006). Furthermore, the native habitat of














































Figure 1.1: Different fluidic environments in the body. High-velocity fluid exits the blood vessels, surrounding the normally
static tissue cells, and progressing slowly in the direction of the lymphatic vessels. This is known as interstitial flow. Excess
fluid is collected by the lymphatic vessels and returned to the blood. Fluid flow direction is indicated by the arrows.
2
CHAPTER 1. INTRODUCTION
However, these settings are hugely different from those of microchannels, as due to
the close proximity of the walls, a complex raft of forces become significant (Zhang
et al. 2016, Morley, Walsh & Newport 2017b, Gou et al. 2018, Stoecklein & Di Carlo
2019). At present, the effects that fluid mechanics exert on cells in suspension in
confined environments, such as microchannels, have largely remained unexamined
(Suwannaphan et al. 2019, Calamak et al. 2020). Despite the fact that it is desir-
able for cells to retain their integrity following such diagnostic procedures, it is not
considered to be essential. However, the topic is rapidly gathering importance with
the recent emergence of cell therapies. Methods such as chimeric antigen receptor
(CAR) T-cell therapy or adoptive T-cell transfer therapy, require the removal of
cells from the patient, cell processing and reintroduction of the cells to the individ-
ual, carried out via microchannels. With the extraction of cells from the bodies of
immunologically compromised patients, there exists a critical need to ensure that
the viability or functionality of the precious supply of cells has not been jeopar-
dised. The findings of such a study would be important to consider in the design
of devices for both diagnostic and research purposes, and is of particular concern
in such cell therapy techniques whereby cells are returned to the body following
treatment. Therefore, it is important to understand completely the forces that
suspended cells are subject to, both in vivo and in vitro, as they may affect the
viability and functionality of the cells.
When cells are transported in suspension at varying concentrations in channels,
they can experience a wide range of flow-induced shear that is a complex function
of the cell’s position, shape and the local flow distribution about the cell. In vivo,
red blood cells, lymphocytes and cancer cells advect through both the CS and
LS, the latter generating much lower wall shear stresses of 0.065 Pa than those
present in the CS of 1.5-60 Pa. In vitro systems, such as lab-on-a-chip devices,
flow cytometers and parts of cell therapy systems, also transport living cells at
high velocities and in the case of cell therapy, re-introduce the processed cells back
into the body. A key concern for the latter is that the fluid processing does not
compromise the viability of the advecting cells.
Whilst the local shear distribution around the cell represents the fluidic context,
it is extremely challenging to quantify from a measurement or simulation perspec-
tive. A preferential approach is to use the channel’s maximum shear stress (wall
shear stress), the channel’s shear stress distribution or shear stress gradient in the
region occupied by the cell, assuming the cell imparts a small perturbation on the
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local flow in that region. Several studies to date have examined the effects of fluid
shear on cell viability utilizing different methods, with contrasting results (Barnes
et al. 2012, Mitchell et al. 2015, Fan et al. 2016, Fu et al. 2016, Ma et al. 2017,
Regmi et al. 2017, Triantafillu et al. 2017, Krog & Henry 2018, Jin et al. 2018,
Xin et al. 2019, Calamak et al. 2020, Moose et al. 2020). These studies generally
replicate either Couette or Poiseuille flow in order to expose cells to a fixed shear
value. Couette flow, is the laminar, shear-driven flow of a fluid between two plates
of infinite depth, one of which is stationary, while the other is in motion, produc-
ing a linear velocity profile, with respect to the vertical position in between the
plates. A constant shear stress is produced between the two plates. Poiseuille flow
is the fully developed, laminar, pressure-driven flow of an incompressible fluid in
a circular pipe. This results in a fluid velocity varying parabolically between 0 at
the channel wall with the maximum fluid velocity at the channel centre. The shear
stress distribution across the channel width, reduces to 0 at the channel centre and
reaches a maximum at the channel walls.
These flow regimes can be replicated experimentally in order to determine the
effect they have on cell viability. The cone and plate viscometer, which is used
to replicate Couette flow, has been used to apply a uniform, consistent wall shear
stress to cells which are adherent to a plate (Krog & Henry 2018). This method,
however, while useful for applying a shear, does not mimic the pipe-imposed shear
that suspended cells would ordinarily be exposed to in vivo, as the shear gradient is
constant. Continuous flow circuits, which comprise a peristaltic pump, circulating
suspended cells around a flow circuit, have also been used. While this model more
closely represents the wall shear stress that cells are exposed to in the CS, it fails to
fully replicate its fluid dynamics (Krog & Henry 2018). The viability rates in these
systems are much lower than those observed in the cone and plate experiments,
with periodic exposure to wall shear stresses of approximately 6 Pa reducing the
viability of suspended cells down to only 20%, or even less in some cases, over
18-24 hours (Fan et al. 2016, Regmi et al. 2017, Jin et al. 2018). In other cases,
a wall shear stress of 3 Pa over 24 hours had a similar effect (Fu et al. 2016).
The third method employed in wall shear stress studies is the syringe and needle
method, replicating Poiseuille flow. The finite volume of the syringe restricts the
time duration which consequently last seconds rather than hours, and so, very high
wall shear stress values were examined. It was found in several studies that wall
shear stresses of approximately 600-640 Pa resulted in a suspended cell viability of
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50-80% after 10 minutes (Barnes et al. 2012, Mitchell et al. 2015, Moose et al. 2020).
Others have found that under lower wall shear stress values (2-6 Pa), viability of
suspended cells was unaffected (Triantafillu et al. 2017).
In these studies, the viability of cancer cells, especially breast cancer cells,
have been of particular interest. Metastatic cancer cells primarily spread through
the body via the circulatory systems and, it is believed, that in the case of solid
cancers, for example, breast cancer, up to 80% of tumour dissemination takes
place through the lymphatics while only 20% occurs through the vascular system
(Alitalo & Detmar 2012, Greenlee & King 2020). Cancer cell metastasis is known to
be a highly inefficient process with only 0.01% of circulating tumour cells actually
forming tumours at secondary sites (Chiang et al. 2016). Though this may be due
to several factors including the cell’s metastatic ability or favourable conditions, it
has been hypothesised that this low level of cancer cell extravasation is due to their
inability to survive the forces that pervade the circulatory systems (Barnes et al.
2012, Azevedo et al. 2015, Chiang et al. 2016, Regmi et al. 2017, Goetz 2018, Xin
et al. 2019, Calamak et al. 2020, Moose et al. 2020).
Despite these findings, little is known about how the viability of different cell
types is influenced by the fluidic context during transport through microchannels
(Suwannaphan et al. 2019), despite the fact that their survival is paramount for
the success of patient treatment. While extensive studies have been carried out on
the effects of hydrodynamic forces on circulating tumour cells (Barnes et al. 2012,
Mitchell et al. 2015, Fan et al. 2016, Fu et al. 2016, Ma et al. 2017, Regmi et al.
2017, Triantafillu et al. 2017, Krog & Henry 2018, Jin et al. 2018, Xin et al. 2019,
Calamak et al. 2020, Moose et al. 2020), very few to date have examined the same
phenomenon in WBCs or cells whose native environment is not the circulation. It
has been found, using a syringe and needle set-up, that the viability of WBCs are
unaffected at wall shear stresses of up to 500 Pa, however, as previously mentioned,
cells were only exposed to these conditions for a matter of milliseconds (Suwan-
naphan et al. 2018, 2019), a very short period of time which may have prevented
any discernible decrease in viability. Therefore, due to the requirements of CAR
T-cell therapy and other in vitro assays, there is a need for a comprehensive test
that will expose WBCs to microchannel hydrodynamic forces for an extended pe-
riod of time to ensure that cellular viability has not been compromised (Pandiyan
et al. 2014). Indeed, as T-cells are primarily exposed to pulsatile flow in the CS, it
may also be necessary to incorporate a design in such devices that will educate the
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cells, allowing them to survive in a different fluidic regime, namely that of Poiseuille
flow. Additionally, to this author’s knowledge, no studies have examined the viabil-
ity of ordinarily adherent cells under suspension in microchannel flow conditions.
While not exposed to such environments in the body, these cells can sometimes
be analysed in suspension in flow cytometry or lab-on-a-chip assays (Nistri et al.
2002), which may compromise their viability, further highlighting the requirement
for such an assay.
In both the continuous flow circuits and syringe and needle methods, due to the
fact that the cells are in suspension, it is difficult to determine the actual shear that
the cells were subjected to. For this reason in both of these experimental set-ups,
wall shear stress was calculated using the standard equation (see equation 2.5 in
Chapter 2.2.1.2) and this was assumed to be the shear stress that the cells were
exposed to in the channel. However, the cells would only experience these levels of
stress if they were travelling at the wall. Therefore, from a viability perspective, it
is necessary to know where the cells are located if the local fluid Poiseuille shear
stress is to be estimated.
When cells or particles are transported, they can organise into distinct equi-
librium locations, a phenomenon referred to as inertial migration, which was first
observed by Poiseuille, and later described by Segré and Silberberg in 1962 (Segré
& Silberberg 1962a,b). They also gave their names to the resulting focusing effect
that occurs when particles occupy equilibrium positions at 0.6 of the circular chan-
nel radius. Inertial microfluidics seeks to manipulate this focusing behaviour arising
predominantly from a force balance between wall and shear-induced lift forces, but
may also include rotational and deformability-induced forces (Zhang et al. 2016,
Morley, Walsh & Newport 2017b, Gou et al. 2018, Stoecklein & Di Carlo 2019).
Previous studies examining these equilibrium positions of spherical particles in
circular microchannels have found that at low Reynolds numbers, particles focus
towards the 0.6 radius points, while an increase in the Reynolds number causes
particles to focus more towards the walls (Asmolov 1999, Matas et al. 2004a). The
Reynolds number is the ratio of inertial to viscous forces in a channel. The inertial
behaviour of cells in square and rectangular microchannels has been extensively
studied. Cells’ behaviour differ from those of particles as cells have a large size dis-
tribution within their population and are generally deformable. Larger cells migrate
faster to equilibrium positions than their smaller counterparts (Tanaka et al. 2012,
Kulasinghe et al. 2019), and larger cells also migrate more in the direction of the
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channel centre (Lim et al. 2012, Morley, Walsh & Newport 2017a). Furthermore, it
has been demonstrated, that deformability-induced lift can cause cells with a lower
elastic modulus to migrate towards the centre of the channel, while stiffer cells are
more evenly distributed across the channel width (Hur, Henderson-MacLennan,
McCabe & Di Carlo 2011, Hur, Mach & Di Carlo 2011, Morley, Walsh & Newport
2017a, Villone & Maffettone 2019). Many current microfluidic devices exploit the
described inertial effects due to both cell size and elastic modulus in order to sepa-
rate mixed cell solutions (Takagi et al. 2005, Hur, Henderson-MacLennan, McCabe
& Di Carlo 2011, Hur, Mach & Di Carlo 2011, Sun et al. 2013). It is worth noting
that all aforementioned cell migration studies, apart from the Morley, Walsh &
Newport (2017a) study were conducted at Reynolds numbers > 1. It is therefore
necessary to investigate the influence that varying flow rate, and the corresponding
wall shear stress has on the viability and inertial positions of circulating cells in
laminar pipe flow.
The forces that cells are subject to are not only determined by the channel,
fluid and flow properties, but also by the mechanical properties of the cells them-
selves. The elastic modulus of suspended cells can change due to illness or disease
progression (Glenister et al. 2002, Suwanarusk et al. 2004, Suresh et al. 2005, Hou
et al. 2010, Nishino et al. 2005, Morikawa et al. 2015, Coceano et al. 2016, Raj
et al. 2017, Schierbaum et al. 2017, Yousafzai et al. 2017), inciting a change in
the deformability-induced lift experienced by these cells, which in turn causes a
change in the distribution of cells across the channel width (Morley, Walsh &
Newport 2017a). This can then also be exploited in certain cell separation tech-
niques (Faivre et al. 2006, Hou et al. 2010, Hur, Henderson-MacLennan, McCabe
& Di Carlo 2011).
As mentioned previously, the Segré-Silberberg effect may change slightly due
to the balance of forces acting on the particle; wall-induced lift and shear-gradient-
induced lift forces dominate, however, Saffman lift, Magnus lift, and the deformability-
induced lift forces can also play key roles. In particular, the latter can have a strong
influence when particles are replaced by suspended cells. Indeed, it has been shown
computationally that the Reynolds Number does not affect the inertial positions
or migration time of deformable particles (Alghalibi et al. 2019), unlike their rigid
counterparts.
Deformability-induced lift affects non-rigid particles such as cells or vesicles
when they experience the stresses described previously which cause them to change
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their shapes. It has been argued that deformability-induced lift is due to this
shape change (Tam & Hyman 1973), however it can also be attributed to the
surface tension gradients at the interface between the fluid and particle/cell surface
(Magnaudet et al. 2003).
Different cells types within the body present different shapes, sizes, and de-
formabilities. RBCs need to be sufficiently compliant in order to squeeze through
tiny blood vessels, while osteocytes require a much higher degree of stiffness in
order to give structure and support to the body. Indeed, there can be differences
in the elastic modulus between cells of the same type, with a change in cell elastic
modulus having previously been shown to indicate disease progression (Bufi et al.
2015). Malaria causes an increase in the shear elastic modulus of the membrane
of RBCs (Suwanarusk et al. 2004, Suresh et al. 2005, Hou et al. 2010), instigated
by parasitic proteins in the cell membrane (Glenister et al. 2002), while leukocyte
elasticity also increases in patients diagnosed with sepsis (Morikawa et al. 2015),
caused by an increase in F-actin formation, particularly in the submembrane area
(Nishino et al. 2005). Conversely, a decreased elastic modulus in cancer cells is
associated with increasing metastatic capabilities (Guck et al. 2005, Coceano et al.
2016, Raj et al. 2017, Yousafzai et al. 2017). This is important for cells in suspen-
sion in particular (such as RBCs, leukocytes, and circulating tumour cells (CTCs))
as a change in elastic modulus will affect the deformability-induced lift acting on
the cell and therefore its inertial position, causing it to either move closer to the
walls (in the case of malaria and sepsis) or towards the channel centre (in the
case of metastatic cancer). Indeed, prior studies have shown that cells experience
a deformability-based shift more akin to those of deformable microparticles than
rigid microparticles (Dubay et al. 2020).
Previously, it has been found that microparticles of different deformabilities dis-
tribute differently across rectangular channels (Dubay et al. 2020), as well as differ-
ent cell types of different deformabilities in both circular and square microchannels
(Hur, Henderson-MacLennan, McCabe & Di Carlo 2011, Morley, Walsh & Newport
2017a). It was demonstrated that benign, stiffer MCF-7 breast cancer cells were
evenly dispersed across the square channel’s width in comparison to metastatic, de-
formable, MDA-MB-231 breast cancer cells which remained at the channel centre
(Morley, Walsh & Newport 2017a). This is because a lower elastic modulus results
in an increased deformability-induced lift, directing the cells towards the channel
centre. Indeed, recent studies have shown that deformable cells travel faster in such
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microchannels than their more rigid counterparts of equivalent size, probably be-
cause they migrate towards the channel centreline where fluid velocities are higher
(Heinß et al. 2020).
It has also previously been shown, both computationally and experimentally,
that the shape of rigid particles can influence their migration patterns in a mi-
crochannel (Hur, Choi, Kwon & Di Carlo 2011, Masaeli et al. 2012, Kommajosula
et al. 2020, Basagaoglu et al. 2019). It is quite likely that it will similarly af-
fect deformable particles such as cells. Adherent MCF-7 cells appear rounded in
shape, while MDA-MB-231 cells are more elongated in one direction, and therefore
spindle-shaped. It has been hypothesised that deformable particles suspended in
flow experience stresses, which can cause it to change its shape (Abkarian & Viallat
2005, Tam & Hyman 1973) therefore it may also affect the cells’ inertial positions.
However, some of the above studies have shown that centreline-focusing particles
typically have fore-aft asymmetry characteristics, similar to ‘fish’ or ‘bottle’-like
shapes (Kommajosula et al. 2020), which MDA-MB-231 cells also possess when
adherent. Interestingly, other studies have found that the direction of lateral mi-
gration of a deformable droplet in a ferrofluid depends on the orientation of the
droplet due to uniform magnetic fields at different directions (Hassan et al. 2018).
This raises the question of whether a cell’s orientation will also influence its direc-
tion.
There is a lack of reported data in the literature on the quantification of cell
elastic modulus compared to cells’ inertial positions. Previous studies have com-
pared the inertial positions of metastatic or infected cells with benign or healthy
cells in the knowledge that there was a difference in the elastic modulus (Morley,
Walsh & Newport 2017a), however, this difference was never quantified, therefore
the boundary conditions of cell elastic modulus that have an influence on their
inertial positions have not been investigated. In the context of cancer cells specifi-
cally, a slight contradiction exists, whereby more metastatic cancer cells are known
to be more deformable. From a microfluidics perspective, this would imply that
more metastatic cells are more likely to travel at the channel centre, which, from
a biological perspective, seems unlikely to be the case if these cells are also more
likely to extravasate through the channel wall. It is hoped that this study will go
towards explaining such phenomena. Furthermore, this study modifies the proper-
ties of the same two cell lines in the same system. Previous studies comparing two
different cell types were limited by the assumption that differences were due to any
9
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physiological diversities between the cell types. This investigation aims to address
this concern.
The fundamental challenge of this research is to ascertain whether there are any
potential environmental factors arising from in vitro microfluidic flow that affects
cell behaviour. Detailed investigations of cellular reactions to the in vitro setting
are crucial to the understanding of the biomechanics that most affect these cells.
The favourable microenvironments of suspended cells and the fluidic forces they
are subjected to is unknown, thus, by examining the behaviour of suspended cells
within this system, this thesis will inform the development of future lab-on-a-chip
and flow cytometry devices as well as cell therapy techniques in order to minimise
damage to cells in suspension.
1.2 Objectives
The response of suspended cells to the fluidic forces present in microfluidic systems
is unknown. Consequently, the goal of this thesis was to determine the inertial
positions and viability of suspended cells of different types and properties in in vitro
settings. To carry out this task, a number of research objectives were identified;
1. To investigate the viability of a range of different cell lines and cell types in
a circulatory system under different wall shear stress levels.
2. To determine the inertial positions of both solid particles and suspended cells
under in vivo flow conditions in various sized circular microchannels.
3. To examine if varying the physical characteristic of cell elastic modulus im-
pacts the inertial positions of suspended cells.
1.3 Thesis Outline
This thesis is presented in the style of Monograph Thesis, as per the University of
Limerick ‘Handbook of Academic Regulations and Procedures’. Articles that have
been submitted for publication are outlined in ‘Publications’.
Chapter 2 contains a comprehensive review of relevant published literature. It
begins by examining the current fundamental theories behind the fluidic forces
and inertial focusing acting on particles, and by extension, cells, in suspension,
10
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before exploring studies which have investigated how these fluidic forces affect the
reactions of suspended cells. An examination of both the in vivo and in vitro
cell environments shall be discussed in light of these studies’ findings and how the
results can be interpreted in such contexts before finally, concluding with recom-
mendations for the field.
Chapter 3 describes the methodology behind all experimental analysis which
was undertaken for the preparation for this thesis as well as the justification for
techniques used. Chapter 4 addresses the first objective, presenting the results ob-
tained from an investigation of the viability of breast cancer cells under continuous
shear stress in a cone and plate. This is followed by the results of the viability of
the same cells as well as other cell types, including primary T-cells, primary porcine
fibroblasts and neuroblastoma cells, under shear stress exerted by Poiseuille flow.
Chapter 5 examines the inertial positions of the breast cancer cells in Poiseuille flow
conditions, addressing the second objective, while Chapter 6 contains an analysis of
the alteration of the mechanical properties of cancer cells and the resulting change
in inertial positioning that they experience, focusing on the third objective. Fi-
nally, Chapter 7 discusses the results and main conclusions arising from the study,






Advecting Cells in Confined Flow
2.1 Introduction
Fluid dynamics have long influenced cells in suspension. RBCs and WBCs are
advected through biological microchannels in both the CS and LS and, as a result,
are subject to a wide variety of complex fluidic forces as they pass through. In vivo,
microfluidic forces influence different biological processes such as the spreading of
infection, cancer metastasis and cell viability, highlighting the importance of fluid
dynamics in the blood and lymphatic vessels. This suggests that in vitro devices
carrying cell suspensions may influence the viability and functionality of cells. Lab-
on-a-chip, flow cytometry and cell therapies involve cell suspensions flowing through
microchannels of approximately 100-800 µm.
This review begins by examining the current fundamental theories behind the
fluidic forces and inertial focusing acting on particles, and by extension, cells, in
suspension, before exploring studies which have investigated how these fluidic forces
affect the reactions of suspended cells. An examination of both the in vivo and
in vitro cell environments shall be discussed in light of these studies’ findings and
how the results can be interpreted in such contexts before finally, concluding with
recommendations for the field.
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2.2 The Theoretical Mechanics of Particle Flow
The behaviour of fluids and their suspended particles change as the scale of the
channel changes from the macroscale to the microscale. Often the behaviour of cells,
being of somewhat similar size and shape, can be related to suspended particles.
Here, the theory behind the behaviour of these particles and cells suspended in
Newtonian fluids, is described.
2.2.1 Fluid Flow
2.2.1.1 Couette Flow
Couette flow is the laminar, shear driven flow of an incompressible fluid between
two parallel surfaces where the relative velocity between the plates is non-zero. For





where U(h) is the fluid velocity profile with respect to the distance from the bottom
plate, h, UP is the velocity of the upper plate with respect to the lower plate and H
is the distance between the two plates, seen in Figure 2.1. The shear stress across








where τ(h) is the shear stress profile with respect to the distance from the lower
wall and µ is the fluid viscosity, seen also in Figure 2.1.
2.2.1.2 Poiseuille Flow
The physics of flow in a pipe provides the fundamental theories behind fluid flow
in the channels of the body as well as in in vitro microfluidic channels. Poiseuille
flow is the fully developed, laminar, pressure-driven flow of an incompressible fluid
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Velocity Flow Profile (U(h)) Shear Stress Profile (τ(h))
UP
H
Figure 2.1: The velocity (U(h)) and shear stress (τ(h)) profiles of Couette flow
where UP is the velocity of the upper plate with respect to the lower plate and H
is the distance between the two plates.
where U(r) is the fluid velocity profile with respect to the channel radial position,
r, Ū is the mean velocity and R is the channel radius, resulting in a maximum
fluid velocity at the channel’s centre as seen in Figure 2.2. The shear stress (τ(r))








where τ(r) is the shear stress profile with respect to the channel radial position
and can also be seen in Figure 2.2. This results in the largest τ(r) in the channel





where D is the diameter of the channel. Note that both τ(r) and τw are the shear
stress values that a particle experiences at a point in the channel due to its radial
position, and is not necessarily the shear stress gradient acting on the surface of
the particle (∇τp).
The Reynolds number (Re), used to describe the relationship between the in-





where ρ is the density of the fluid. Pipe flows with a Re > 2000 can be described as
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Velocity Flow Profile (U(r)) Shear Stress Profile (τ(r))
R
Figure 2.2: The velocity (U(r)) and shear stress (τ(r)) profiles of Poiseuille flow
where R is the radius of the channel.
turbulent flow, while below this figure, the flow is usually laminar. In microchannel
flow, due to the small channels and flow rates (Q), the viscous forces dominate and
Re is quite low as a result. For this reason, microfluidic flow is usually laminar
(Di Carlo 2009).
2.2.2 Particle Flow
The first studies examining the inertial migration of rigid particles were carried out
by Segré and Silberberg in 1962 (Segré & Silberberg 1962a,b). They found that in
a circular pipe, particles formed an annulus at 0.6 of the channel radius from the
channel centre. This effect was subsequently named the Segré-Silberberg effect.
Interestingly, this effect does not only take place at the macro-level, but also at the
micro-level. Subsequent studies have shown that a number of channel properties
influence the inertial migration of these particles. The forces that these particles
are subject to have also been examined.
2.2.2.1 Channel Properties
A number of channel and flow properties influence the inertial migration of particles
in a straight, regular channel, including the Reynolds number, particle Reynolds
number, the channel focusing lengths and the channel geometry.
Reynolds Number The Reynolds number (as described in equation (2.6)) in-
fluences the positions of particles. At low Re, particles focus towards the Segré-
Silberberg positions, while at very high Re, they focus at the channel centre (Kim
16
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& Yoo 2010, 2012). Interestingly, despite the strong influence that Re has on the
inertial positions of rigid particles, computational studies have shown that Re has
little to no impact on the migration of deformable particles, or cells, in circular
channels (Alghalibi et al. 2019).
Reynolds Particle Number The Reynolds particle number (Rep) is one of the








where dp is the diameter of the particle. The Rep can be used to describe the
point at which the inertial migration of particles begins to take place. Previous
experimental studies have shown that Rep needs to have reached a value of at least
0.05 with a particle to diameter ratio (dp
D
) of at least 0.07 in order for particle
migration to have occurred (Bhagat et al. 2009).
Channel Length An appropriate channel length is required in order for particles
or cells to reach equilibrium positions, however there is no consensus amongst
microfluidic experts on a single equation and several formulas have been proposed









where LM is the migration length. This equation was also used by Zhang et al.






where Umax is the maximum velocity of the fluid (normally at the channel centre)
and CL, the lift coefficient, ≈ 0.04 with a channel aspect ratio of 1 (CL varies from
≈ 0.02-0.05 as the channel aspect ratio ( H
W
, where H is the channel height and W
is the channel width) varies from 2-0.5). This expression was favoured by Amini
et al. (2014) and Martel & Toner (2014).
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Channel Geometry The geometry of the channel significantly affects the equi-
librium positions of particles and cells alike. As previously described, in circular
channels, particles form an annulus at 0.6 of the channel radius. In square channels,
particles equilibrate at the centre of the channel walls as seen in Figure 2.3a. An
increase in Re results in particles moving closer to the walls. In rectangular chan-
nels, the particles equilibrate at the centre of the two larger walls, seen in Figure
2.3b. In this instance, as Re is increased, particles at the longer edge move towards
the walls, similar to square channels, while particles also start to form equilibrium
positions at centre of the shorter two walls (Chun & Ladd 2006, Di Carlo et al.
2007, Bhagat et al. 2009, Di Carlo 2009, Di Carlo et al. 2009, Choi, Seo & Lee
2011, Zhou & Papautsky 2013, Amini et al. 2014, Martel & Toner 2014, Zhang
et al. 2016, Gao 2017, Gou et al. 2018, Stoecklein & Di Carlo 2019). As this thesis
focuses primarily on circular microchannels, the behaviour of particles in channels
of different geometries is not explored in great detail here. Further reading on the














Figure 2.3: Particle equilibrium positions in different channel geometries in (a) a
square channel, (b) a rectangular channel and (c) a circular channel. As the flow
rate increases, particles migrate to positions in the directions of the arrows.
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2.2.2.2 Particle Forces
Both particles and cells flowing in a microchannel have normal and shear stresses
acting on their surfaces. These can be divided into lift forces (due to normal
stresses) and drag forces (due to shear stresses). Lift forces include the wall-induced
lift, shear-gradient-induced lift, Saffman (or slip-shear-induced) lift, Magnus (or
rotation-induced) lift and deformability-induced lift, while drag forces include vis-











Figure 2.4: Illustration of the lift forces acting on a particle in microchannel flow.
Inertial Lift Force The main force acting on a particle is the inertial lift force
(FI), which also plays a significant part in cellular focusing. This is a balance
between the wall-induced lift (FI(W )) and the shear-gradient-induced lift (FI(SG)),
as shown in Figure 2.4. When a particle flows close to the channel wall, fluid
streamlines around the particle are directed to its opposite side. This creates a
pressure difference between the two sides of the particle, causing it to be directed






Conversely, FI(SG) opposes FI(W ). As previously discussed, in Poiseuille flow, the
velocity profile is parabolic. Due to this, the fluid velocity relative to the particle
velocity will be larger on the wall side of the particle than on the side closer to the
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which directs the particle towards the channel wall (Ho & Leal 1976, Schonberg &
Hinch 1989, Asmolov 1999, Di Carlo et al. 2007, Bhagat et al. 2008, 2009, Di Carlo
2009, Di Carlo et al. 2009, Choi, Seo & Lee 2011, Zhou & Papautsky 2013, Amini
et al. 2014, Martel & Toner 2014, Hood et al. 2015, Zhang et al. 2016, Gao 2017,
Gou et al. 2018, Stoecklein & Di Carlo 2019, Zhou et al. 2019). FI was derived






where fL is the lift coefficient. This was completed by matching the inner and outer
flow region pressures and velocities. This equation holds true as long as the particle
size is much smaller than the size of the channel (dp
D
<< 1). As FI ∝ dp
4, larger
cells have much larger FI acting on them, which could have potential implications
for cell viability.
Saffman Lift Force As a particle flows in a microchannel, drag forces from the
wall act on it, causing it to travel at a lower velocity than the fluid it is suspended
in. In this case, a force due to the slip-shear, the Saffman lift force (FS), causes
the particle to migrate towards the side of the maximum relative velocity. This is
illustrated in Figure 2.4. In other words, if a particle is lagging the flow, FS will
direct the particle towards the channel centre, however a particle leading the flow
will be directed towards the wall. It is worth remembering that in general, FS in a
channel will be an order of magnitude smaller than FI , and so can be considered
negligible (Saffman 1965, Matas et al. 2004b, Amini et al. 2014, Martel & Toner
2014, Hood et al. 2015, Zhang et al. 2016, Gao 2017, Gou et al. 2018, Huber et al.









where K is a constant (≈ 81.2), V is the relative velocity between the fluid and
the particle, γ is the velocity gradient and ν is the kinematic viscosity. This was
completed by matching the inner and outer velocity expansions. In the context
of microchannels, cells tend to lag the flow (Morley, Walsh & Newport 2017a),
therefore, though the effect from FS will be small, it will direct cells towards the
channel centre.
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Magnus Lift Force A particle in microchannel flow will also experience a degree
of rotation. Due to the difference in the fluid velocity on either side of the particle,
which in Poiseuille flow, lags the flow, it will rotate in the flow as seen in Figure
2.4. Rotation in the clockwise direction, as indicated in the schematic, results in a
pressure difference on either side of the particle with the lower pressure on the side
of the larger fluid velocity (in this case it is the upper side). This causes a force due
to the rotation, the Magnus force (FM), to act in the direction of lower pressure. In
the case of microchannel flow, this is generally towards the channel centre. FM is
also very small (usually an order of magnitude less than FS) in comparison to other
lift forces, and so can be deemed negligible, however its effects increase significantly
the closer the particle is to the wall. FM also scales with the cube of dp (Rubinow
& Keller 1961, Feng et al. 1994, Matas et al. 2004b, Zhou & Papautsky 2013, Zhang
et al. 2016, Gao 2017, Gou et al. 2018, Huber et al. 2018). FM was derived using





3ρ(~V × ~Ω) (2.14)
where ~V is the relative velocity vector between the particle and the fluid and ~Ω is
the angular velocity vector of the particle. This was carried out by matching the
Stokes and Oseen expansions.
Deformability Lift Force Deformability-induced lift (FD) affects non-rigid par-
ticles such as cells or vesicles. It has been argued that FD is due to the shape
change that deformable particles in a flow experience due to fluidic forces (Tam &
Hyman 1973), however, it can also be attributed to the surface tension gradients at
the interface between the fluid and particle surface (Magnaudet et al. 2003). For
this reason, the Weber number (ratio of inertial stress to surface tension, equation
(2.15)) and capillary number (ratio of viscous stress to surface tension, equations
(2.16) and (2.17)), which both describe the surface tension gradient, along with the
viscosity ratio (between the particle and fluid viscosities, equation (2.18)), which
describes the particle shape, are important. As these numbers can be used to char-
acterise cell or droplet deformation, which increases with FD, they can be utilised
to estimate its scale (Hur, Henderson-MacLennan, McCabe & Di Carlo 2011). The
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where Gp is the shear modulus of the particle or cell (Takeishi & Imai 2017). γ can
be defined as γ = 32Q
πD3
for pipe flow and Gp can be defined as G = E3 for human
tissue (Goodyer et al. 2009), where E is the elastic modulus. Finally the viscosity





where µp is the viscosity of the particle’s internal fluid. Under Poiseuille flow, it
has been found that a more deformable particle (or one with a low E) migrates
towards the channel centre, while stiffer, more rigid particles remain closer to the
channel walls (Tam & Hyman 1973, Chan & Leal 1979, Magnaudet et al. 2003,
Hur, Henderson-MacLennan, McCabe & Di Carlo 2011, Stan et al. 2013, Amini
et al. 2014, Zhang et al. 2016, Stoecklein & Di Carlo 2019). This can be seen in























2 − λp − 1)
]
(2.20)
given that the particle is not too close to the channel walls (R − r > dp) and that
1 < λp < 10 (Chan & Leal 1979, Amini et al. 2014). Based on their experiments,
Stan et al. (2013) then derived an equation for the empirical inertial lift force
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where CL is the lift coefficient, which needs to be experimentally determined for
a given combination of continuous and dispersed phases (Stan et al. 2013, Amini
et al. 2014, Zhang et al. 2016).
The E of the particle also heavily influences its migration speed, with more
deformable particles reaching equilibrium positions quicker (Alghalibi et al. 2019,
Hassan & Wang 2020). As previous studies have shown agreement of cell behaviour
in comparison to that of deformable droplets (Dubay et al. 2020), it is anticipated
that it will similarly affect the migration speeds of cells, with more pliable cells
reaching their equilibrium positions faster than their stiffer counterparts.
In some instances, when the deformability-induced lift is larger than those gen-
erated by cell or droplet deformation, the excess lift may be due to Marangoni-like
effects (Stan et al. 2013). The redistribution of surfactants on the surface of the
cell induced by thermal gradients or uneven shear rates can cause a flow at the
interface between the cell and suspending liquid in the direction of higher surface
tension. As the Marangoni effects affect the distribution of σ on the cell surface
rather than the absolute value of σ, it does not impact on Ca. However, like Ca,
their magnitude depends on the presence and amount of surfactant (Stan et al.
2013).
Cell Deformability Different cell types within the body vary widely in their
mechanical properties, including in their E. This is also true for cells which are
ordinarily suspended in confined flow, primarily RBCs, WBCs and CTCs. RBCs
have a bi-concave disc shape and are very small in comparison to other circulating
cells, typically sized ≈ 5-9 µm (Sugii et al. 2005, Faivre et al. 2006, Choi & Lee
2009, Lima, Ishikawa, Imai, Takeda, Wada & Yamaguchi 2009, Hou et al. 2010,
Mach & Di Carlo 2010, Hou et al. 2013, Nivedita & Papautsky 2013, Sun et al.
2013, Zhou et al. 2013, Kvon et al. 2014, Seo et al. 2014, Kodama et al. 2019), and
make up ≈ 41% of the total blood volume. They are highly deformable in order to
squeeze through the narrowest capillaries and previous studies that have examined
the E of RBCs are outlined in Table 2.1.
The size and shape of WBCs differ between types, however, the majority are in
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Suwanarusk et al. (2004)
the region of 8-20 µm in diameter (Jain & Munn 2009, Lim et al. 2012, Nivedita
& Papautsky 2013, Zhou et al. 2013). WBCs make up less than 4% of the total
blood volume and are also present in lymph, as opposed to RBCs which are only
found in blood. In general, WBCs have been found to be less deformable than
RBCs, however, the ability of WBCs to deform has been found to be connected
to stronger adhesions with vessel endothelial cells (Dong & Lei 2000). Previous
studies investigating these deformabilities are outlined in Table 2.2.
CTCs primarily invade through the circulatory systems (blood or lymph) and,
it is believed, that in the case of solid cancers, up to 80% of tumour dissemination
takes place through the lymphatics while only 20% occurs through the vascular
system (Alitalo & Detmar 2012, Greenlee & King 2020). CTCs tend to be larger
than normal cells, measuring ≈ 15-25 µm (Bird et al. 2009, Bhagat et al. 2011, Hur,
Mach & Di Carlo 2011, Tanaka et al. 2012, Hou et al. 2013, Dhar et al. 2015, Fu et al.
2016, Morley, Walsh & Newport 2017a, Jin et al. 2018, Landwehr et al. 2018), and
this characteristic can be exploited in some cell separation techniques (see Chapter
2.5.2). Circulating cells are very rare in the blood of cancer patients, occurring at
a rate of 1-100 CTCs per 1×109 blood cells (Bhagat et al. 2011, Hou et al. 2013,
Broersen et al. 2014, Azevedo et al. 2015, Morley, Walsh & Newport 2017a, Krog &
Henry 2018), while their numbers in lymph have not yet been investigated (Morley,
Walsh & Newport 2017a). The stiffness of CTCs vary depending on the source
tissue and the metastatic capabilities of the cells themselves. Previous studies
examining the deformabilities of two different breast cancer cell lines (MCF-7 and
MDA-MB-231 cell lines) are outlined in Table 2.3.
As can be seen here, the discrepancies between different studies can be quite
varied. Different measurement techniques, as well as different cell media and sub-
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strate, can influence the mechanical properties of the cell. Though not statistically
significant, Nikkhah et al. (2011) found that the elastic modulus can change by up
to 18% with a change in the growth culture medium and Yousafzai et al. (2017)
showed that changing the substrate that the cells are grown can almost double the
measured elastic modulus. Furthermore, Coceano et al. (2016) found that changing
the measurement technique can increase the measured cell elastic modulus by up to
1065%. These inquiries highlight that it is difficult to compare the elastic moduli
of the same cell lines between different studies, however, this parameter can be
compared within investigations which can keep all of these variables constant. It
has also been found that a lower E, or softer cell, means the cancer cell no longer
firmly fits in its position in the matrix while it is surrounded by stiffer endothelial
cells, allowing the cell to detach and migrate more easily (Lee et al. 2012). Despite
these discrepancies, however, all studies agree with each other; the more metastatic
a cell is, the lower its E and the more compliable it is (Guck et al. 2005, Suresh
2007, Hou et al. 2009, Chen et al. 2012, Chivukula et al. 2015, Landwehr et al.
2018).
Table 2.2: Deformability Studies of White Blood Cells. The measured modulus





Donor Measurement Technique Study
2-3 kPa Human Atomic force microscopy Li et al. (2016)
85±5 Pa Human Parallel plates
Bufi et al.
(2015)
1.24±0.09 kPa Human Atomic force microscopy
Cai et al.
(2010)
11.2±5.9 kPa Mouse Atomic force microscopy
Hu et al.
(2009)
Viscous Drag Force When a particle flows through a fluid or a fluid flows past
a particle, shear stresses are introduced, resulting in viscous drag forces (FV ). This
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Table 2.3: Deformability Studies of Breast Cancer Cells. The measured modulus














Raj et al. (2017)





36±8 Pa 18±10 Pa Optical tweezers
Yousafzai et al.
(2017)





30.2±15.0 Pa 12.6±6.1 Pa Optical tweezers
Coceano et al.
(2016)















800±20 Pa 500±25 Pa
Atomic force
microscopy









Li et al. (2008)
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where fdrag is the drag coefficient (Zhang et al. 2016, Gou et al. 2018). The drag





This results in a FV of:
FV = 3πµdpV (2.24)
or Stokes drag (Zhang et al. 2016). The Dean drag force is imposed on a particle due
to Dean flow, also known as secondary flow, acting perpendicular to the direction of
the main flow. The Stokes drag force scales linearly with particle size and secondary
flow velocity and inversely with the channel’s radius of curvature. Therefore in
straight channels, the Dean drag force can be considered to be negligible (Bhagat
et al. 2008, Di Carlo 2009, Zhou & Papautsky 2013, Amini et al. 2014, Martel
& Toner 2014, Gao 2017, Gou et al. 2018, Stoecklein & Di Carlo 2019). For




(1 + 0.15Rep0.687) (2.25)
resulting in a FV of
FV = 3πµdpV (1 + 0.15Rep0.687) (2.26)
(Zhang et al. 2016, Herrmann et al. 2019). Finally, for 500 ∼ 1000 < Rep < 2×105,
fdrag = 0.22ρV 2 (2.27)
resulting in a FV of
FV = 0.055πdp
2ρV 2 (2.28)
(Zhang et al. 2016). In this way, the FV is influenced both in the flow direction
by the mainstream flow and in the lateral direction by the secondary flow (Zhang
et al. 2016).
Shear-Induced Diffusion The final steady-state distribution of deformable par-
ticles is a balance between these lift forces and the shear-induced diffusion due to
27
CHAPTER 2. BIBLIOGRAPHIC STUDY
hydrodynamic interactions between vesicles (Loewenberg & Hinch 1997, Di Carlo
2009, Podgorski et al. 2011, Tanaka et al. 2012, Kumar & Graham 2012, Grand-
champ et al. 2013, Abbas et al. 2014). While the lift forces focus particles in a
laminar flow towards a point, the shear-induced diffusion causes a greater particle
dispersion across the channel diameter. This shear-induced diffusion is proportional
to the volume fraction times the shear rate (Tanaka et al. 2012, Grandchamp et al.
2013). Therefore, at Re that cause particles to focus at the channel centre, the
local volume fraction in this region increases, increasing the effects due to shear-
induced diffusion. Previous studies examining the effect of shear-induced diffusion
with respect to different volume concentrations of red blood cells have found that
below a RBC volume fraction of 10% in a bidisperse solution, migration forces
(derived from lift forces) are considerably larger than the mixing forces (or the
shear-induced migration force) (Tanaka et al. 2012). Furthermore, at low solid
volume fractions (< 1%), it has been found that effects due to these shear-induced
diffusions dominate solid particle trajectories at low Re (Re < 1), while flows tran-
sition to particles governed by inertia-induced lift forces at higher Re (Re > 10)
(Abbas et al. 2014). According to Di Carlo (2009), these steric crowding effects





where φ is the volume fraction of particles. While effects from these forces, however,
can be considered negligible in dilute suspensions of solid particles, additional re-
pulsions develop when these suspensions include deformable particles such as drops,
vesicles or cells (Podgorski et al. 2011).
All of the particle forces are summarised in Table 2.4
2.3 The Impact of the Microfluidic Environment
on Suspended Cells
As shown in Chapter 2.2.2, the fluid mechanics in the microchannel environment
have a significant impact on the forces that solid suspended particles are subject
to, and consequently, their inertial positions. Therefore, it is not unreasonable to
assume that these same forces will impact suspended cells flowing in a microchannel,
28
CHAPTER 2. BIBLIOGRAPHIC STUDY
Table 2.4: Summary of lift and drag forces acting on a particle in microchannel
flow
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be it in vivo or in vitro. As cells are living organisms, the microfluidics in the
channel can affect more than just their trajectories within the channel. Fluidic
forces have been shown to influence the viability or functionality of living cells
(Regmi et al. 2017), while they may also influence cell behaviours such as cell
adhesion to the vessel wall (Azevedo et al. 2015).
2.3.1 Cell Viability
Due to the extremely low efficiency of the process of metastasis (less than 0.01% of
CTCs form a tumour at a secondary site (Moon et al. 2011, Broersen et al. 2014,
Chiang et al. 2016, Jin et al. 2018, Krog & Henry 2018, Ma, Middleton, You &
Sun 2018, Cominetti et al. 2019, Xin et al. 2019)), many researchers hypothesize
that high τ(r) in the vasculature can cause cell death in a variety of different cell
types, including cancer cells (Dong et al. 2005, Wirtz et al. 2011, Chiang et al. 2016,
Goetz 2018, Heeke et al. 2019, Pan et al. 2019, Bittner et al. 2020). Contrastingly,
others argue against this conjecture; that CTCs are not mechanically fragile and
have developed certain mechanisms to prevent damage from τ(r) in the circulatory
environment (Azevedo et al. 2015, Krog & Henry 2018, Northcott et al. 2018, Moose
et al. 2020). Furthermore, they argue that certain levels of τ(r) in fact promote
CTC invasion (Huang et al. 2017, Mina et al. 2017, Huang et al. 2018, San Juan
et al. 2019) and can simulate the growth of cancer cell clusters (Hagihara et al.
2019). A number of studies investigating the proposition have been conducted
through different methods and are outlined below.
2.3.1.1 Cone and Plate Experiments
A cone and plate viscometer can be used to replicate Couette flow (see Chapter
2.2.1.1) by applying a uniform, consistent τ(h) to cells which are adherent to a plate
(Choi et al. 2019) (see Figure 2.5). This method has been used by different studies
to examine the viability of cancer cells under constant flow conditions, finding that
the viability of B16 melanoma cells is reduced to 0 after exposure to τ(h) levels of
2.9 Pa for 5.5 hours, while ovarian cancer cells exposed to τ(h) levels of 1.2 Pa had
reduced viability by 30% after 10 minutes (Krog & Henry 2018). These studies
all conclude that cells exposed to a threshold τ(h) level over a considerable time
frame will result in cell death. However, while useful for applying a constant, known
τ(h) value, the cone and plate set-up does not mimic the pipe-imposed shear that
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suspended cells would ordinarily be exposed to in vivo or in vitro.
Cone
Cells Plate
Figure 2.5: A cone and plate set-up applies a constant shear stress profile to ad-
herent cells.
2.3.1.2 Syringe and Needle Experiments
The syringe and needle method, consisting simply of a suspended cell solution,
injected via a syringe through a needle of known diameter, is one of the simplest
methods for replicating Poiseuille flow (see Chapter 2.2.1.2). In the implementation
of this method, experiments typically last seconds, rather than hours. For this
reason, very high τw values were examined. It was found in several studies that
τw values of approximately 600-640 Pa resulted in cancer cell viability of 50-80%
following 10 minutes of exposure (Barnes et al. 2012, Mitchell et al. 2015, Moose
et al. 2020). Others have found that under lower τw values (2-6 Pa), cancer cell
viability was unaffected (Triantafillu et al. 2017). Additionally, it has been found
that 450-560 Pa applied to RBCs is enough to rupture their membranes (Krog &
Henry 2018), while Suwannaphan et al. (2019) found that WBCs survived τw values
of 24-500 Pa. The studies indicated that non-transformed cells were not able to
withstand such high τw values that cancer cells were, indicating that CTCs possess
a property of cellular transformation that provides them with a certain resistance
to τ(r), protecting them in vivo.
2.3.1.3 Continuous Flow Circuits
Continuous flow circuits, comprising a peristaltic pump, circulating suspended cells
around a flow circuit, have also been used. While this model more closely represents
the pulsatile flow and resulting τw that cells are exposed to in the CS, it fails to
entirely capture the fluid dynamics of the CS (Krog & Henry 2018). Additionally,
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peristaltic pumps may also impose additional forces on cells, causing cell death to be
incorrectly attributed to the wall shear stresses in the tubing. τw values are orders
of magnitude lower than those experienced in the syringe and needle experiments,
while viability rates in these systems are much lower than those observed in the cone
and plate experiments, with periodic, pulsatile exposure to τw of approximately
6 Pa reducing the viability of suspended cells down to only 20%, or even less in
some cases, over 18-24 hours (Fan et al. 2016, Regmi et al. 2017, Jin et al. 2018).
In other cases, τw of 3 Pa over 24 hours had a similar effect (Fu et al. 2016), while
a τw of 2 Pa over 12 hours reduced cell viability to below 40% (Xin et al. 2019).
Further studies have found that τw of 1.6 Pa over 12 hours resulted in a viability
level of ≈ 40%, however, cells in suspension, but not circulation, over the same
period of time resulted in similar viability levels, suggesting that cell death may
be attributed to anoikis rather than being solely due to the fluidic conditions in
the channel (Calamak et al. 2020). Interestingly, the same experimental set-up
has been used to demonstrate that certain levels of shear stress (≈ 3 Pa), below
that which will cause a decrease in cell viability, acts as a stimulant for cancer
cell migration (Ma et al. 2017), while shear stress on circulating cells can enhance
certain anti-cancer drugs (Regmi et al. 2018).
In both the syringe and needle methods and continuous flow circuits, due to the
fact that the cells are in suspension, it is difficult to determine the actual shear
that the cells were subjected to. For this reason, while utilizing both of these
experimental set-ups, τw was calculated using equation (2.5) and this was assumed
to be the shear stress that the cells were exposed to in the channel. However, the
cells would only experience these levels of stress if they were travelling at the wall
and do not perturb the flow. Therefore, from a viability perspective, it is necessary
to know where the cells are located if the local fluid Poiseuille shear stress is to be
estimated.
2.3.2 Cell Inertial Positions
A large number of studies have been carried out on the inertial positions that cells
occupy in microchannel flow, replicating conditions that cells may be exposed to
in in vitro microenvironments or lymphatic conditions. Particle focusing does not
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occur in turbulent, pulsatile flow, and so these regimes remain unstudied in this
context. Cell behaviour differs from particles due to their large size distribution
(Chiavaroli et al. 2010) and E. The locations of the cells within the channels are the
key to understanding the forces that the cells are subjected to, particularly τ(p),
if Poiseuille flow is to be assumed. Numerous techniques have been employed to
investigate these inertial effects, including particle streak imaging, particle density
measurements and particle tracking. These are explored in further detail below.
For all of the following techniques in microfluidics, fluorescent particles or cells
flowing in a microchannel are illuminated using a laser or an LED, and visualised
using an inverted microscope and attached camera.
2.3.2.1 Particle Streak Imaging
One of the most common, fundamental techniques for assessing particle migration
is particle streak imaging. This can be carried out simply by focusing a microscope
at the channel centre and overexposing the shutter of the attached camera, creating
a streak image. Brighter areas imply greater particle densities. Examples of streak
images can be seen in Figure 2.6. These can be used as stand alone images or
the image intensities can be averaged over a number of similarly obtained graphics.
They are one of the most straightforward methods of assessing the inertial positions
of particles.
a) b)
Figure 2.6: Examples of particle streak images: (a) 30 µm fluorescent particles
flowing in a 300 µm inner diameter (ID) circular microchannel at 9.72×102 µL/min,
red lines represent the channel walls, the exposure time was set to 10 ms. (b)
10 µm fluorescent particles flowing in a 75 µm square microchannel, white dotted
lines represent the channel walls, the exposure time was set to 800 ms, courtesy of
Raoufi et al. (2019).
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Particle streak imaging has previously been used in a number of different stud-
ies to assess particle positions in a microchannel. Di Carlo et al. (2007) used it in
order visualise particle focusing in curved microchannels, while Bhagat et al. (2009)
and Liu et al. (2015) also used streak imaging to determine the different inertial
positions of particles under different Rep in a square and rectangular microchan-
nel respectively. Additionally, (Bhagat et al. 2009) visualised particle separation
(which will be explored in further detail in Chapter 2.5.2). Zhou & Papautsky
(2013) were able to use it to calculate the migration distances and focusing lengths
of particles, and therefore, the lift coefficient on the particles. The effects of viscos-
ity, cross-sectional channel shape and Q were demonstrated by Raoufi et al. (2019)
using streak imaging (see Figure 2.6b). Finally, streak imaging has also been used
in biological applications in order to observe DNA focusing and particle focusing in
blood in microchannels (Kim et al. 2012, Lim et al. 2012). Particle streak imaging
is useful for small particle sizes in relation to the channel width, and is advanta-
geous in that minimal image post-processing steps are required. Experimental time
frames are also generally very short, in the order of seconds.
2.3.2.2 Particle Density Measurements
Like streak imaging, particle density measurements are an Eulerian method of
evaluating the inertial positions of particles. This involves taking short exposure
images at large intervals. The particle centres are identified and stacked on one
image. Examples of this can be seen in Figure 2.7. Following this, the probability
density function (PDF) can be used to evaluate the spatial distribution of the












Ni(r, r + dr)
(2.30)
where I is the number of images in the sequence, Ni(r, r + dr) is the number of
particles between the radial positions r and dr, and R is the radius of the channel
(Kim & Yoo 2010, Tanaka et al. 2012).
Particle density measurements have previously been used in a number of differ-
ent studies to assess particle locations. This technique has primarily been used to
investigate particle migration under different Re (Matas et al. 2004a, Kim & Yoo
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Figure 2.7: Examples of particle density images: (a) A number of images are
stacked producing an intensity image of the particle distribution of 10 µm particles
within 800 µm ID circular channels. (b) The centres of the particles over a number
of images were located and plotted on one image, courtesy of Gao (2017).
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2008, Choi & Moon 2010, Choi & Lee 2010, Kim & Yoo 2010, Kim et al. 2011,
Del Giudice et al. 2013, Abbas et al. 2014, Miura et al. 2014, Gao 2017, Nakayama
et al. 2019) (see Figure 2.7b), and different particle shape (Hur, Choi, Kwon &
Di Carlo 2011). Park et al. (2009) used particle density measurements in order to
observe particle distribution in a multi-orifice microfluidic channel, while, again,
like streak imaging, particle density measurements have been used in biological ap-
plications with Tanaka et al. (2012) investigating the inertial migration of cancer
cells in blood and Kulasinghe et al. (2019) investigating the migration of cancer
cells and cell clusters in square microchannels. Particle density measurements are
useful for high density flows, containing small particles in relation to the channel
width. Though not as simplistic as streak imaging, post-processing is still less com-
putationally complex than particle tracking. Sampling windows are usually larger
(in the order of minutes), making them more accurate than the streak imaging
process.
2.3.2.3 Particle Tracking
Particle tracking can be used in conjunction with particle tracking velocimetry
(PTV). This Lagrangian method involves tracking a particle over the length of
the channel. The particle’s average lateral position, with respect to the channel
centre, over the observation window is measured, which is then repeated for many










Where Dyy is the dispersion coefficient, t is the time duration, Ni is the number
of tracked particles and Rn,y is the radial displacement of the particles (Lima,
Ishikawa, Imai, Takeda, Wada & Yamaguchi 2008, Pinho et al. 2016). Examples
of particle tracking are shown in Figure 2.8.
Particle tracking has previously been utilised in order to examine the effects
of bidisperse solutions on particle focusing (Gao et al. 2019), as well as to deter-
mine the lateral migration of RBCs in 50, 75 and 100 µm ID circular microchannels
(Lima, Ishikawa, Imai, Takeda, Wada & Yamaguchi 2008, Lima, Nakamura, Omori,
Ishikawa, Wada & Yamaguchi 2009, Pinho et al. 2016) (see Figure 2.8c) and cancer
cells in square microchannels (Morley, Walsh & Newport 2017a). Particle tracking
is more useful in low density flows, with a large particle to channel size ratio. Im-
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Figure 2.8: Examples of particle tracking: (a) Particle tracking image still of 30 µm
fluorescent particles flowing in an 800 µm ID circular channel at 45.3 µL/min,
analysed using the ImageJ plugin, TrackMate (Tinevez et al. 2017). (b) All the
particle tracks in the same image sequence as Figure (a) collated over 500 images
and analysed using a MATLAB® script. (c) Particle tracking image still of RBCs
flowing in a 100 µm ID circular channel, analysed using ImageJ plugin, MTrackJ,
courtesy of Pinho et al. (2016).
age post-processing steps are slightly more complex than those of particle density
measurements, however there is a range of freely available software for such pur-
poses. Unlike streak imaging and particle density measurements, sampling frames
are dependent on Q in the channel.
2.3.2.4 Experimental Studies
Previous studies have examined how a wide range of conditions affect the inertial
migration of both rigid and deformable particles. The studies concerning rigid
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particles are summarised in Table 2.5. As can be seen, a wide range of studies
have been conducted, covering a large range of Re in both square and circular
channels meaning that the behaviour of rigid particles can be easily predicted in
microchannel flows.
Studies which have investigated deformable particles flowing in microchannels
are outlined in Table 2.6, and are primarily carried out in square or rectangu-
lar cross-sections, while some have also been completed in circular cross-sections.
Fewer studies have examined the migration of deformable particles in pipe flow,
as opposed to rigid particles, and so, data is only available over a limited range.
Furthermore, those experiments conducted at lower Re mainly focus on RBCs,
causing non-Newtonian pipe flow. While a large range of studies have investigated
the inertial effects of rigid particles under different viscoelastic conditions (D’Avino,
Tuccillo, Maffettone, Greco & Hulsen 2010, D’Avino, Maffettone, Greco & Hulsen
2010, D’Avino et al. 2012, Del Giudice et al. 2013, Villone et al. 2013, Basagaoglu
et al. 2019), fewer have examined the same reactions of cells. However, it has been
shown that cell suspensions in viscous fluids focus towards the channel centre due
to elastic forces at the wall (Seo et al. 2014).
It has been found that larger cells migrate more quickly to equilibrium positions
than their smaller counterparts (Tanaka et al. 2012, Kulasinghe et al. 2019), and
larger cells also migrate more in the direction of the channel centre (Lim et al. 2012,
Morley, Walsh & Newport 2017a). Furthermore, it has been demonstrated, that FD
can cause cells with a lower E to migrate towards the centre of the channel, while
stiffer cells are more evenly distributed across the channel width (Hur, Henderson-
MacLennan, McCabe & Di Carlo 2011, Hur, Mach & Di Carlo 2011, Morley, Walsh
& Newport 2017a, Villone & Maffettone 2019). It has also recently been found that
deformable cells travel in microchannels at higher velocities than rigid particles,
which may be a result of deformable cells migrating towards the channel centre
(Heinß et al. 2020). Many current microfluidic devices exploit these described
inertial effects due to both cell size and E in order to separate mixed cell solutions
(see Chapter 2.5.2).
2.3.2.5 Computational Studies
Investigations on the inertial migration of both solid and deformable particles are
not only confined to experimental set-ups, but have also been studied computa-
























Table 2.5: Summary of the studies on inertial migration and particle focusing on rigid particles in microchannels. Dh is the
hydraulic diameter of the channel.
Particle Type dp (µm) Channel Description Re Study
Polystyrene - Spherical 1.9, 5.3, 8.4, 15.6 80 × 80 µm2 square cross-section - 10 cm long Re = 5.6-280 Gao et al. (2019)
Polystyrene - Spherical 50-80 600 µm ID circular cross-section - 75-600 mm long Re = 100-1000 Nakayama et al. (2019)
Polystyrene - Spherical 3, 5, 10
75 × 75 µm2 square cross-section - 5 cm long,
60 × 100 µm2 rectangular cross-section - 5 cm long,
75 µm Dh trapezoidal cross-section - 5 cm long,
75 µm complex cross-section - 5 cm long
N/A Raoufi et al. (2019)
Polystyrene - Spherical 5.2, 10.22, 27-32 100 × 100 µm2 square cross-section - 58.5 mm long Re = 0.02-25
Morley, Walsh & Newport
(2017a)
Polystyrene - Spherical 5, 15
50 × 50 µm2 square cross-section - 60 mm long,
50 × 100 µm2 rectangular cross-section - 60 mm
long, 50 × 200 µm2 rectangular cross-section -
60 mm long, 50 × 300 µm2 rectangular cross-section
- 60 mm long
Re = 30-330 Liu et al. (2015)
Polystyrene - Spherical 8.7 80 × 80 µm2 square cross-section - 10 cm long Re = 0.07-120 Abbas et al. (2014)
Polystyrene - Spherical 650 6 × 6 mm2 square cross-section - 0.5-4 m long Re = 100-1200 Miura et al. (2014)
Polystyrene - Spherical 15.5 85 × 100 µm2 rectangular cross-section - 4 cm long Re = 0.246-75.356 Winer et al. (2014)
Polystyrene - Spherical 5.8, 10
50 × 50 µm2 square cross-section - 5 cm long,
100 × 100 µm2 square cross-section - 5 cm long
Re = 9.5×10−5-0.016 Del Giudice et al. (2013)
























Particle Type dp (µm) Channel Description Re Study
Polystyrene - Spherical 0.1, 0.2, 0.5
5 × 5 µm2 square cross-section - 4 cm long
broadening at 45◦ to 5 × 50 µm2 rectangular
cross-section
Re = 0.11-0.33 Kim et al. (2012)
Polystyrene - Spherical 9.9 93 × 45 µm2 rectangular cross-section - 3.5 cm long Re ≤ 158 Lim et al. (2012)
Polystyrene - Spherical 15
220 × 80 µm2 rectangular cross-section - 0.5-2 cm
long broadening to 220 × 450 µm2 rectangular
cross-section, 270 × 70 µm2 rectangular
cross-section - 1.5 cm long broadening to
270 × 400 µm2 rectangular cross-section
Re = 1.62-26 Tanaka et al. (2012)
Polystyrene - Spherical 7-15
84 × 84 µm2 square cross-section - 100 mm long,
94.3 × 94.3 µm2 square cross-section - 100 mm long












143 × 93 µm2 rectangular cross-section,
68 × 113 µm2 rectangular cross-section
Re = 14-200
Hur, Choi, Kwon &
Di Carlo (2011)
Spherical 1, 10, 16
216 µm ID circular cross-section, 277 µm ID circular
cross-section, 550 µm ID circular cross-section
Re = 0.29-99.78 Kim et al. (2011)
Polystyrene - Spherical 7, 15, 30 350 µm ID circular cross-section Re = 1.6-77.4 Choi & Lee (2010)
























Particle Type dp (µm) Channel Description Re Study
Polystyrene - Spherical 0.59, 1.9, 4.16
20 × 20 µm2 square cross-section - 4 cm long
broadening to 20 × 200 µm2 rectangular
cross-section, 50 × 50 µm2 square cross-section -
4 cm long, 100 × 50 µm2 rectangular cross-section -
4 cm long, 50 × 20 µm2 rectangular cross-section -
4 cm long, 20 × 50 µm2 rectangular cross-section -
4 cm long
Re = 1-100 Bhagat et al. (2009)
Polystyrene - Spherical 7
50 × 40 µm2 rectangular cross-section - 0.5-3 mm
long, 50 × 40 µm2 rectangular cross-section -
100 µm long broadening to 50 × 200 mum2
rectangular cross section - 200 µm long repeated 80
times
Re = 16-109 Park et al. (2009)
Polystyrene - Spherical 2, 6, 10
88 × 87 µm2 square cross-section, 144 × 138 µm2
square cross-section
Re = 0.12-58.65 Kim & Yoo (2008)
Polystyrene - Spherical
190, 450, 550, 750, 900,
1000
8 mm ID circular cross-section - 2.6 m long Re = 60-2400 Matas et al. (2004a)
Polystyrene - Spherical 4
5000 × 100 µm2 rectangular cross-section - 250 mm
long
























Table 2.6: Summary of the studies on inertial migration and particle focusing on deformable particles in microchannels.
Particle Type dp (µm) Channel Description Re Study
Cells - Head and neck
cancer cells
15
50 × 150 µm2 rectangular cross-section - 20 mm
long
Re ≈ 5.06-10.1 Kulasinghe et al. (2019)




75 × 75 µm2 square cross-section - 5 cm long,
60 × 100 µm2 rectangular cross-section - 5 cm long,
75 µm Dh trapezoidal cross-section - 5 cm long,
75 µm complex cross-section - 5 cm long
N/A Raoufi et al. (2019)
Cells - Breast cancer cells
(MCF-7, MDA-MB-231)
14, 18 100 × 100 µm2 square cross-section - 58.5 mm long Re = 0.02-25
Morley, Walsh & Newport
(2017a)
Cells - Red blood cells N/A 100 µm ID circular cross-section Re = 0.007 Pinho et al. (2016)
Macromolecules - DNA 0.5-1
5 × 5 µm2 square cross-section - 4 cm long
broadening at 45 ◦ to 5 × 50 µm2 rectangular
cross-section
Re = 0.11-0.33 Kim et al. (2012)
Cells - White blood cells,
Prostate cancer cells
(PC-3)
9, 17.8 93 × 45 µm2 rectangular cross-section - 3.5 cm long R ≤ 158 Lim et al. (2012)
Cells - Breast cancer cells
(MDA-MB-231)
15
220 × 80 µm2 rectangular cross-section - 0.5-2 cm
long broadening to 220 × 450 µm2 rectangular
cross-section, 270 × 70 µm2 rectangular
cross-section - 1.5 cm long broadening to
270 × 400 µm2 rectangular cross-section
Re = 1.62-26 Tanaka et al. (2012)
























Particle Type dp (µm) Channel Description Re Study
Cells - White blood cells 8-15
10 × 25 µm2 rectangular cross-section - 5 mm long,
10 × 50 µm2 rectangular cross-section - 5 mm long,
10 × 75 µm2 rectangular cross-section - 5 mm long,
10 × 12 µm2 rectangular cross-section - 1 mm long
broadening to 10 × 50 µm2 rectangular cross-section
- 4 mm, 10 × 12 µm2 rectangular cross-section -
1 mm long broadening to 10 × 50 µm2 rectangular
cross-section - 1 mm broadening to 10 × 100 µm2
rectangular cross-section - 3 mm, 10 × 25 µm2
rectangular cross-section - 1 mm long broadening to
10 × 50 µm2 rectangular cross-section - 4 mm,
10 × 25 µm2 rectangular cross-section - 1 mm long
broadening to 10 × 100 µm2 rectangular
cross-section - 4 mm, 10 × 50 µm2 rectangular
cross-section - 1 mm long broadening to
10 × 100 µm2 rectangular cross-section - 4 mm
Re ≈ 0.02-0.43 Jain & Munn (2009)




Cells - Red blood cells N/A







5000 × 100 µm2 rectangular cross-section - 250 mm
long
Re = 0.21-0.60 Uijttewaal et al. (1994)
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variety of environments, including square and circular channels, Newtonian and
non-Newtonian fluids, as well as different Re (Schonberg & Hinch 1989, Feng et al.
1994, Hu 1996, Asmolov 1999, Yang et al. 2005, Chun & Ladd 2006, Matas et al.
2009, Zeng et al. 2009, D’Avino, Tuccillo, Maffettone, Greco & Hulsen 2010, Hood
et al. 2015). Of particular interest, are those investigating the effects of particle
shape. It has previously been shown that the shape of rigid particles can influence
their migration patterns in a microchannel (Basagaoglu et al. 2019, Kommajo-
sula et al. 2020). Notably, it has been shown that centreline-focusing particles
typically have fore-aft asymmetry characteristics, similar to ‘fish’ or ‘bottle’-like
shapes (Kommajosula et al. 2020).
Further computational studies which have examined the same reactions in de-
formable particles have used this technique to model the behaviour of RBCs (Doddi
& Bagchi 2008, Kruger et al. 2014) and others. Magnaudet et al. (2003) found that
the deformability-induced lift can be attributed to the surface tension gradients at
the interface between the fluid and particle surface. Furthermore, it was found that
this E also heavily influences its migration speed, with more deformable particles
reaching equilibrium positions quicker (Alghalibi et al. 2019). Additionally, despite
the strong influence that Re has on the inertial positions of rigid particles, compu-
tational studies have also shown that Re has little to no impact on the migration
of deformable particles, or cells, in circular channels (Alghalibi et al. 2019).
2.3.3 Cell Velocimetry
Numerous techniques have been employed to investigate the effects that fluidic phe-
nomena have on particles in suspension in microchannels. These techniques can be
used to investigate the velocity of particles, including particle tracking velocimetry
and micro-particle image velocimetry. These are explored in further detail below.
For all of the following techniques in microfluidics, fluorescent particles flowing in
a microchannel are illuminated using a laser or an LED and visualised using an
inverted microscope and attached camera.
2.3.3.1 Particle Tracking Velocimetry
PTV is a technique whereby a series of images of particles flowing in a microchannel
are obtained. The particles are tracked from one image to the next, similar to
the technique in Figure 2.8a and 2.8c. As the distance between particles can be
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calculated and the time between the images is known, the velocity of each individual
particle can be calculated. PTV is useful for large particles relative to the channel
size as well as lower particle concentrations and velocities (Lee & Kim 2009, Cierpka
& Kähler 2012, Lima et al. 2012). It has also shown to be more accurate than
other velocimetry techniques when examining inhomogeneous seeding, inconstant
flow gradients or particle behaviour close to the channel wall (Kähler et al. 2012).
Examples of simple 2D PTV experiments can be seen in Figure 2.9. In addition
to this, several studies have developed different techniques for 3D particle tracking
(Bown et al. 2006, Choi & Lee 2009, Tien et al. 2014, Winer et al. 2014, Guo et al.
2019), however, 3D-PTV has been shown to be less accurate than tomo-particle



























Figure 2.9: Examples of PTV: (a) PTV results of 10 µm fluorescent particles in a
300 µm ID circular channel at 0.81 µL/min, analysed using a MATLAB® script. (b)
PTV results of 5, 10 and 30 µm particles flowing in a 100 µm square microchannel
at 0.233 µL/min, analysed using the ImageJ plugin, TrackMate (Tinevez et al.
2017), courtesy of Morley, Walsh & Newport (2017a).
PTV is a versatile technique that has been used in a variety of applications.
Lima, Ishikawa, Imai, Takeda, Wada & Yamaguchi (2009) used PTV techniques in
order to measure the velocity of RBCs flowing in 100 µm ID microchannels while
Morley, Walsh & Newport (2017a) used it in order to measure the velocity of both
particles and breast cancer cells in 100 µm square microchannels (see Figure 2.9b).
Finally, Kodama et al. (2019) used PTV in order to examine blood flow patterns
in a realistic microvascular model.
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2.3.3.2 MicroParticle Image Velocimetry
Microparticle image velocimetry (µPIV), like PTV, involves capturing an image se-
quence of particles flowing in a microchannel. Images are split up into interrogation
windows and analysed in image pairs. The movement of particles within each pair
of interrogation windows is measured and a correlation peak is generated. This is
completed for multiple image pairs across the image sequence, obtaining a velocity
map of the channel under investigation (Meinhart et al. 2000, Sinton 2004, Lee &
Kim 2009, Wereley & Meinhart 2010, Cierpka & Kähler 2012, Lima et al. 2012).
One of the earliest pioneers of the technique was Santiago et al. (1998) who exam-
ined the velocity profile of water beneath a cover-slip. This was followed by both
Koutsiaris et al. (1999) and Meinhart et al. (1999) who examined particle flows
in circular and rectangular channels respectively. Examples of µPIV experiments
are shown in Figure 2.10. Like PTV, additional techniques can be incorporated
in order to observe the 3D velocity profile of particles in a channel such as optical
slicing (Park et al. 2004, Silva et al. 2008, Zheng & Silber-Li 2008) and stereo µPIV
(Bown et al. 2006, Lindken et al. 2006).
a) b)
Figure 2.10: Examples of µPIV: (a) Velocity distributions of labelled RBCs in
a 310 × 200 µm rectangular microchannel, courtesy of Kvon et al. (2014). (b)
Particle streamlines and the velocity distribution of 1 µm particles in an excised
rat lymphatic vessel, scale is in mm/s, courtesy of Margaris et al. (2016).
µPIV is a useful technique, used in a number of different studies. It was used
by Li & Olsen (2006) in order to observe turbulent flow in square microchannels of
varying size as well as the investigation of transient flow by Shinohara et al. (2004).
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The velocity profile of blood in square and rectangular microchannels has also been
investigated using µPIV (Lima et al. 2006, 2007, Lima, Wada, Tanaka, Takeda,
Ishikawa, Tsubota, Imai & Yamaguchi 2008). Nakano et al. (2003) and Choi, Kim,
Cote, Park & Lee (2011) used µPIV to profile the velocity of blood cells flowing
in the blood vessels of rats’ ears, while Doutel et al. (2013) used the technique to
examine velocity profiles in a bifurcated microvascular model. µPIV has also been
used to examine the velocity profile in a contracting and non-contracting excised
rat lymphatic vessel using 1 µm particles as tracer particles (Margaris et al. 2016)
(see Figure 2.10b). Other variations of µPIV have also been used such as X-ray
µPIV in order to observe the velocity of RBCs in 490 × 1390 µm rectangular
and 2.77 mm ID circular channels (Kim & Lee 2006) and of 10 µm hollow glass
microspheres in 742-867 µm ID blood perfused microchannels (Antoine et al. 2013)
as well as dual µPIV which was used to profile the velocities of both RBCs and
1 µm particles simultaneously flowing in both 100 µm ID circular channels and 310
× 200 µm channels (Sugii et al. 2005, Kvon et al. 2014) (see Figure 2.10a).
2.3.3.3 Experimental Studies
Previous studies have examined how a wide range of conditions affect the velocity
of both rigid and deformable particles. The studies concerning rigid particles are
summarised in Table 2.7. Again, like the inertial migration studies, a large range of
PIV studies examined a wide range of Re in both square and circular microchannels
of different channel sizes for rigid particles.
Studies which have investigated deformable particles flowing in microchannels
are outlined in Table 2.8. These previous investigations have mainly focused on
the passage of RBCs while few studies have examined lymphocytes or cancer cells.
2.3.4 Cell Adhesion
Previous studies examining cell adhesion have demonstrated that the expression
of signalling factors can enhance the process. In the LS for example, vascular en-
dothelial growth factor C (VEGF-C), expressed by lymphatic endothelial cells and
primarily responsible for lymphangiogenesis, has been associated with increased
CTC metastasis (Farnsworth et al. 2006, Kesler et al. 2013, Karaman & Detmar
2014, Farnsworth et al. 2018, Ma, Dieterich & Detmar 2018, Kim et al. 2019), while
























Table 2.7: Summary of the studies on the velocity of rigid particles in microchannels.
Particle Type dp (µm) Channel Description Re Study
Polystyrene - Spherical 1.9, 9.8, 26.0, 15.1
53 × 500 µm2 rectangular cross-section - 50.3 mm
long, 100 × 632 µm2 rectangular cross-section -
50.3 mm long
Re = 42-46 Heinß et al. (2020)
Spherical 5
≈ 300 µm ID circular cross-section - 1 cm long -
Seeded with endothelial cells (hiPSC)
Re ≈ 0.60 de Graaf et al. (2019)
Polystyrene - Spherical 1 Variable cross section (capillary replicate) Re ≈ 0.030-0.065 Kodama et al. (2019)
Polystyrene - Spherical 0.5, 5.2, 10.22, 27-32 100 × 100 µm2 square cross-section - 58.5 mm long Re = 0.02-25
Morley, Walsh & Newport
(2017a)
Polystyrene - Spherical 1
≈ 100 µm ID circular cross-section - Excised rat
mesenteric lymphatic vessels
Re ≈ 0.45 Margaris et al. (2016)
Spherical 3.0
≈ 711 µm ID circular cross-section - Seeded with
endothelial cells (TIME) and breast cancer cells
(MDA-MB-231)
Re ≈ 4.97-49.8 Buchanan et al. (2014)
Hollow glass spheres 10
756 µm ID circular cross-section - 5 cm long,
867 µm ID circular cross-section - 5 cm long,
742 µm ID circular cross-section - 5 cm long - Lined
with Collagen 1
Re ≈ 0.03 Antoine et al. (2013)
Polystyrene - Spherical 1
2.5 mm ID circular cross-section with a 50%
stenosis, 3.5 mm ID circular cross-section, branching
to two channels; 2.78 mm ID circular cross-sections
at 90◦ to each other with a 25% stenosis in one
Re = 3.08-71.8 Doutel et al. (2013)
























Particle Type dp (µm) Channel Description Re Study
Polymer - Spherical 1







Polystyrene - Spherical 0.2
19 × 54 µm2 rectangular cross-section - 26.6 mm
long
Re = 1.8-3.6 Zheng & Silber-Li (2008)
Polymer - Spherical 1 100 × 100 µm2 square cross-section Re = 0.025 Lima et al. (2007)
Spherical 0.9
200 × 200 µm2 square cross-section, 320 × 330 µm2
square cross-section, 480 × 490 µm2 square
cross-section, 640 × 640 µm2 square cross-section
Re = 200-3971 Li & Olsen (2006)
Polymer - Spherical 1 100 × 100 µm2 square cross-section Re = 0.025 Lima et al. (2006)
Polystyrene - Spherical 45, 260, 440
5000 × 520 µm2 rectangular cross-section - 7.6 cm
long
Re = 0.005-0.05 Staben & Davis (2005)
Spherical 1 100 µm ID circular cross-section Re = 0.012-0.035 Sugii et al. (2005)
Spherical 1 25 × 100 µm2 rectangular cross-section Re = 0.076-1.1 Shinohara et al. (2004)
Hollow glass spheres 10 236 µm ID circular cross-section - 8 cm long Re ≤ 0.051 Koutsiaris et al. (1999)
Polystyrene - Spherical 0.1-0.3
30 × 300 µm2 rectangular cross-section - 25 mm
long
























Table 2.8: Summary of the studies on the velocity of deformable particles in microchannels.
Particle Type dp (µm) Channel Description Re Study
Cells - Red blood cells N/A
52 × 400 µm2 rectangular cross-section - 30 mm
long narrowing to 52 × 45 µm2 rectangular
cross-section - 65 µm
Re = 1.3-14 Abay et al. (2020)






53 × 500 µm2 rectangular cross-section - 50.3 mm
long, 100 × 632 µm2 rectangular cross-section -
50.3 mm long
Re = 42-46 Heinß et al. (2020)
Cells - Red blood cells 4-6 Variable cross section (capillary replicate) Re ≈ 0.030-0.065 Kodama et al. (2019)
Cells - Red blood cells 7
200 × 310 µm2 rectangular cross-section - 1.5 mm
long
Re = 0.005-0.01 Kvon et al. (2014)
Cells - Red blood cells N/A
≈ 30-50 µm ID circular cross-section - Rat’s ear
blood vessels
N/A
Choi, Kim, Cote, Park &
Lee (2011)
Cells - Lymphocytes N/A
≈ 75-105 µm ID circular cross-section - Excised rat
mesenteric lymphatic vessels
N/A Dixon et al. (2007)
Cells - Red blood cells N/A
1390 × 490 µm2 rectangular cross-section, 2.77 mm
ID circular cross-section
N/A Kim & Lee (2006)
Cells - Red blood cells N/A
≈ 20-40 µm ID circular cross-section - Excised rat
mesenteric blood vessels
Re ≈ 0.02 Nakano et al. (2005)
Cells - Red blood cells 8 100 µm ID circular cross-section Re = 0.012-0.035 Sugii et al. (2005)
Cells - Red blood cells N/A
≈ 20-40 µm ID circular cross-section - Excised rat
mesenteric blood vessels
Re = 0.02-0.04 Nakano et al. (2003)
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cause cells to migrate towards lymphatic endothelial cells expressing the chemokine
ligand 21 (CCL21) (Karnezis et al. 2019, Schineis et al. 2019). In addition, fluidic
forces present in the channel can also affect cellular adhesion to the vessel walls,
playing a part in both WBC and CTC adhesion.
In WBCs, previous investigations found that shear-induced cell deformation in-
creases the surface area between a WBC and the endothelial cell layer, increasing
its adhesive potential (Bianchi et al. 2013). Furthermore, WBCs, which have ad-
hered to the endothelial layer, experience a sharp increase in ∇τp when they do so
(Sugihara-Seki & Schmid-Schonbein 2003). It was shown that while WBCs require
a certain level of τw for adhesion to occur (Dong & Lei 2000, Labernadie & Trepat
2018), beyond a threshold level (≈ 0.1 Pa), high τw can cause swelling in the cells
and decreased cell stiffness, leading to a potential lack of integrin anchoring (Moaz-
zam et al. 1997, Zhu et al. 2008). In addition to the flow conditions, the channel
geometry also significantly affects cell adhesion with bond formation much more
likely in curved channels than straight (Yan et al. 2010).
Despite the wealth of knowledge available on WBC adhesion and extravasation
through endothelial cell layers, the same behaviour in CTCs is not understood to
a similar extent (Labernadie & Trepat 2018). In order for invasion to occur, the
cell must stop or be stopped in its journey through the vessel. Small vessels can
halt the progression of CTCs by physical occlusion if the vessel diameter is smaller
than that of the cell’s diameter (approximately 10 µm) (Azevedo et al. 2015). This
has been observed by Kienast et al. (2010) to occur in the brains of mice where the
blood vessels remain at quite small sizes. Having said this, larger vessel diameter
has also been shown to increase CTC invasion (Chiang et al. 2016). Furthermore,
it has been found in larger vessels that:
PA ∝ fct (2.32)
where PA is the probability of CTC arrest, fc is the frequency of collision between
endothelial ligands and membrane-bound receptors and t is the residence time
(Yan et al. 2010, Wirtz et al. 2011). Collisions with RBCs have also been found
to influence the trajectories of CTCs (Tan et al. 2019). Besides the size of the
vessel, its shape also has a significant effect. Like WBCs, it has been found that
circulating cells are more likely to adhere to the blood vessel wall of a curved
vessel, rather than a straight one. This theory was first looked at in thrombi
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by Liu et al. (2008), however was expanded later to include CTCs with further
experimental and computational fluid dynamics (CFD) studies (using the Lattice-
Boltzmann method) proving this theory (Yan et al. 2010, 2012). Furthermore, Yan
et al. (2012) showed that the rate of adhesion is 1.5 times more likely in curved
vessels than in straight ones. Bifurcations also increase the likelihood of tumour
extravasation (Northcott et al. 2018).
Vessel fluid mechanics can also play a significant role. Circulation patterns can
influence the direction that CTCs are carried, and consequently, their final desti-
nation (Azevedo et al. 2015). It has been observed that an increase in Q increases
the cell adhesion in a blood vessel. It is believed that this is due to an increase in
bond formation (or an increase in fc in equation (2.32)), as a high Q increases the
chances of interaction between the CTCs and surrounding particles in the blood
(Zhu et al. 2008). Contrasting studies have found a link between decreased flow
velocities and increased cell arrest (Follain et al. 2018). In later studies, similar to
WBCs, it has been found that τw also has an effect on the adherence of CTCs to
the vessel wall. Both CFD and experimental studies have shown that once a certain
τw threshold has been reached in the vessel, bond association and disassociation
rates may change, causing the cells to activate certain receptors and, consequently,
become more likely to adhere to the blood vessel walls (Kawai et al. 2012, Yan et al.
2012, Osmani et al. 2019) and to extravasate (Ma et al. 2017). It was concluded
that unless the τw reaches this level, its effects can be disregarded, however, this
specific τw level is relatively low in comparison to the whole system (Fu & Liu
2012). In further studies by Mina et al. (2017), that utilised microfluidic devices to
investigate the effects of τ(r) on breast cancer cells in a 3D culture, it was found
that lower levels of τ(r) (≈ 0.1 Pa) at the wall, leads to increased breast cancer
cell invasion in the CS. Again, though this is a relatively low τw to be found in
the CS, it is quite high in comparison to the levels found in the LS, implying that
τw levels in the lymphatics and veins (Azevedo et al. 2015) are optimal for cancer
metastasis. Further studies have shown, however, that increases in τw beyond this
level (to ≈ 3 Pa), may result in decreased cell adhesion to the endothelial cell layer
(Burdick et al. 2003, Northcott et al. 2018). It must also be considered that while a
small τw of ≈ 0.1 Pa increases the adhesive capabilities of the CTC, it can also de-
crease its migration capabilities (Dong et al. 2005). Laminar τ(r) acting on a CTC
can also cause the cell to enter G2/M arrest, whereby the cell halts the process of
division in the G2/M phase (the phase in which the cell prepares for and carries out
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mitosis), thus inhibiting cell metastasis. Furthermore, disturbed shear patterns are
hypothesised to have the opposite effect (Chang et al. 2008). Additionally, shear
rate has been hypothesised to have a more significant effect on cell adhesion than
τw. Slattery et al. (2005) found that changes in the shear rate, even more than τw,
can cause a cell to become more partial to expressing binding molecules, causing
it to adhere to the vessel wall.
Finally, differences in the metastatic capabilities between CTCs themselves can
influence their adherence to a vessel wall (Morley, Walsh & Newport 2017b). It
is known that highly metastatic CTCs form stronger bonds to the endothelial cell
layer than their more benign counterparts (Labernadie & Trepat 2018), they also
have a much higher adhesion rate than less aggressive CTCs (Cai et al. 2012). This
may also be related back to the deformability differences as it has been shown that
cell migration is negatively affected by an increase in nuclear stiffness (Paizal et al.
2020).
2.4 The Environment of Cell Suspensions: In
Vivo
Suspended cells in the circulation can be exposed to a wide range of fluidic en-
vironments; from the interstitial environment where fluid surrounding cells is not
constrained and flows at very low velocities, to the largest arteries which resemble
very high-velocity, pulsatile pipe flows. The primary sites of microfluidic flow in
the body occur in the lymphatic and cardiovascular capillaries. A comparison of
the LS and CS is summarised in Table 2.9.
2.4.1 The Cardiovascular System
The cycle of the CS, the more well known and extensively researched system, begins
in the heart, when oxygenated blood is pumped from the heart, via the aorta, to the
rest of the body. From here, arteries carry oxygenated blood to smaller arterioles
and finally, blood capillaries. The capillaries lie amongst the cells of the tissue and
secrete and absorb the interstitial fluid surrounding the cells. It is here that nutrient
and waste exchange takes place and excess interstitial fluid is later absorbed by the
lymphatic capillaries (see Chapter 2.4.2) (Drake et al. 2010). Blood capillaries are
also extremely small at around 5-10 µm. Fluid flows through these capillaries by
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means of a pressure difference (high pressure in arteries to low pressure in veins)
and fluid exchange in and out of the capillaries is governed by the revised Starling
principle (Morfoisse & Noel 2019):
Jv
Ae
= Lm((Pc − Pi) − σs(Πp − Πi)) (2.33)
where Jv is the volume filtration rate per unit endothelial area Ae, Lm is the
hydraulic conductivity of the membrane, Pc is the capillary hydrostatic pressure,
Pi, the interstitial hydrostatic pressure, σs is Staverman’s reflection coefficient, Πp
is the osmotic pressure in plasma and Πi, the osmotic pressure in the interstitial
fluid (Levick & Michel 2010). Blood leaving the blood capillaries, travels through
venules, veins and finally, back to the heart.
Because of the high pressure exerted by the heart, fluid velocities in the CS
can reach up to 300 mm/s. Blood is a non-Newtonian, shear thinning fluid with
a density slightly higher than water of approximately 1060 kg/m3, however at the
scale of capillaries, it is treated discretely. Due to the different flow regimes in
arteries, veins or capillaries, the Re in the CS varies greatly (≈ 1-4000), and so
fluctuates between laminar and turbulent flow. These result in a τw in the CS of
1.5-60 Pa (Regmi et al. 2017), resulting in ∇τp of approximately 0.004-0.023 Pa/µm.
2.4.2 The Lymphatic System
The LS, like the CS, is a circulatory system, consisting of a large, extensive network
of vessels, which are used to transport lymphatic fluid. However, unlike the CS,
the LS is an open system, therefore, lymph does not remain exclusively within
the vessels. The system consists of several components including lymphatic ducts,
nodes, channels, collecting ducts and other lymphatic organs such as the spleen
and thymus (Quéré 2010).
The LS has three main functions; to prevent swelling by ensuring the return of
excess interstitial capillary filtration into the bloodstream, to participate in aiding
the role of the immune system, particularly the circulation of lymphocytes and
antigen recognition and to transport lipids from the gut (Quéré 2010, Alitalo 2011).
The lymph’s journey begins in the lymphatic capillaries, or the initial lymphat-
ics. These channels are found lying amongst the cells and blood capillaries, and
contain tiny valves which open by means of a pressure difference, absorbing the
interstitial fluid. The cells of the lymphatic capillaries are loosely connected to-
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gether for this purpose and can lie flat when empty. From here, the interstitial fluid
becomes known as lymph (Swartz & Skobe 2001). The lymphatic capillaries, like
blood capillaries, are only one cell thick, however, unlike blood capillaries, their
shape tends to be inconsistent with a diameter ranging from 10-60 µm (Hong et al.
2004, Alitalo 2011). Following its passage through the capillaries, lymph flows into
the collecting lymphatics, whose walls are much thicker, more muscular and have
a larger diameter (≈ 100-300 µm) (Swartz & Skobe 2001, Dixon et al. 2006, Pan
et al. 2010, Rahbar & Moore 2011, Kornuta et al. 2015, Margaris et al. 2016). In-
stead of a pressure difference, at this stage, the LS employs a number of different
techniques in order to transport the lymph. Muscular walls of the lymphatics can
contract, squeezing the lymph slowly along (Swartz & Skobe 2001, Gashev 2002).
These muscles act independently of each other, their responses depend upon the
local fluid dynamics they are normally exposed to (Gashev et al. 2004). Therefore,
different vessels, depending on their positions in the body, respond differently to
changing levels of inta-luminal pressure (Gashev et al. 2002). Muscular contraction
of larger muscles, such as biceps and triceps, also squeeze the lymphatics, causing
the lymph to be pushed forward (Swartz & Skobe 2001, Gashev 2002). Finally, the
lymphatics contain valves, similar to veins. These prevent the back-flow of lymph
and ensure it remains moving forward (Davis et al. 2011, Bazigou & Makinen 2013,
Wilson et al. 2015). The valves are biased to stay open in order to allow efficient
pumping (Bertram et al. 2014, Wilson et al. 2015) however, should the situation
require, they will close. The vessel between two valves is known as a lymphangion
(Quéré 2010). From the collecting lymphatics, the lymph is taken via the lymphatic
ducts and returned to the blood at the subclavian veins in the shoulders.
Because of the passive nature of the LS, fluid velocities are much lower in
comparison to the CS (0.35-1 mm/s) (Pan et al. 2010, Rahbar & Moore 2011,
Kornuta et al. 2015, Margaris et al. 2016). Additionally lymph is considered to
be a Newtonian fluid with a dynamic viscosity and density similar to those of
water (approximately 1 mPas and 1000 kg/m3 respectively) (Rahbar & Moore
2011, Jafarnejad et al. 2015, Cooper et al. 2016). Each of these individual factors
combine to give lymphatic fluid flow a very low Re, typically, Re < 1 (Dixon et al.
2006). Larger capillaries and lower velocities also result in a lower τw in the LS of
approximately 0.065 Pa (Dixon et al. 2006, Rahbar & Moore 2011, Kornuta et al.
2015), and previous studies have shown that Poiseuille flow is a valid assumption
for estimation of τw in lymphatic flow (Rahbar & Moore 2011). Interestingly,
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previous computational studies have also found that ∇τp in the LS are quite large
in comparison to the CS, reaching values of 0.004-0.137 Pa/µm (Morley, Newport
& Walsh 2017).
Table 2.9: Comparison of the cardiovascular and lymphatic systems
Characteristic Cardiovascular System Lymphatic System
Capillary Size 5-10 µm 100-300 µm
Fluid µ Shear thinning fluid Newtonian, 1 mPas
Fluid ρ 1060 kg/m3 1000 kg/m3
Fluid Velocity ≤300 mm/s 0.35-1 mm/s
Re 1-4000 <1
τw 1.5-60 Pa 0.065 Pa
∇τp 0.004-0.023 Pa/µm 0.004-0.137 Pa/µm
2.5 The Environment of Cell Suspensions: In
Vitro
In vitro environments, while not the native conditions of circulating cells, are more
straightforward in terms of fluid mechanics. These applications tend to revert to
Newtonian fluids, and undergo laminar flow in straight, regular microchannels.
Cells are exposed to in vitro flow conditions for research, diagnostic and treatment
purposes. These applications are expanded further below.
2.5.1 Lab-on-a-Chip Devices
Lab-on-a-Chip devices or organ-on-chip-devices primarily replicate in vivo tissue
conditions allowing for the study of specific organs in healthy or diseased states
in a controlled, biologically-accurate environment, which can also be used for re-
searching therapeutic applications (Wong et al. 2019). Many imitate cancer tissue
and can be used to replicate and study cancer metastasis (Buchanan & Rylander
2013, Paul et al. 2016, Caballero et al. 2017), examining cells’ migration through
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the extracellular matrix (ECM). Others can be fabricated in order to resemble vas-
cular microvessels (Bogorad et al. 2017, Islam et al. 2017, Mannino et al. 2018,
Wang et al. 2018). These vessels, however, are primarily used to either examine
the response of adherent endothelial cells to fluidic forces (Lu et al. 2004, Mina
et al. 2016, de Graaf et al. 2019) and nanoparticle interactions (Farokhzad et al.
2005), or the process of cancer migration and intravasation (Buchanan et al. 2011,
2014, Lee et al. 2017, Wong & Searson 2017, Michna et al. 2018) in blood ves-
sels. Some examine the same phenomena in lymphatic vessels (Gambino et al.
2017, Gong et al. 2019). However, the activities of suspended cells already flowing
within the channel are, by comparison, less well understood. One of the few to
study this, Follain et al. (2018), found that lower flow velocities were favoured by
CTCs for cell arrest. As different devices are developed to investigate different bi-
ological phenomena, the magnitude and type of fluidic forces that cells experience
are unique to each assay. For this reason, cell reactions to fluidic conditions may
be particularly difficult to establish for lab-on-a-chip devices without preliminary
tests. Cell viability is important in these devices as, in the case of therapeutic
applications, it is imperative that cell damage or death can be attributed to the
variable under consideration, and is unrelated to the fluidic forces that the cells
may experience in the microfluidic device. This is rapidly gathering importance
with the development of co-culture models that incorporate advecting cells and
adherent cells in one device, for example, immune cells in an intestinal model for
vaccine development.
2.5.2 Cell Separation
The majority of applications in the inertial migration of deformable particles lie
in particle or cell sorting. Numerous devices have been developed in order to
separate different particles from each other based on size, E or surface markers. The
majority of these applications lie in the biomedical industry, with the separation of
different cell types from blood in particular. Cell separation is often necessary for
diagnostic purposes when one cell type alone is required or, like the case of CTCs,
cell enrichment is requisite for rare cells.
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2.5.2.1 Inertial Cell Separation
Inertial cell separation techniques utilize micron-sized channels in order to manip-
ulate the inertial forces acting on cells, allowing them to be separated based on
different physical parameters (Karimi et al. 2013). Studies that have developed
this technique have been summarised in Table 2.10 along with particle separation
techniques. Cell separation differs from other in vitro cell suspension applications
in that, often, cells are exposed to larger viscous drag forces or Dean forces (see
Chapter 2.2.2.2) within the channel (Herrmann et al. 2019), increasing the risk
of cell damage. Previous studies have found that WBC solutions in a spiral mi-
crochannel, similar to those used in cell sorting applications, can induce cell losses
of up to 10.3% and cell deformation of up to 29.8% (Suwannaphan et al. 2019).
Again, cell viability and functionality is essential for cell separation applications,
as the properties of cells will change upon cellular damage or death, resulting in
potential faulty separation.
2.5.2.2 Magnetic Cell Separation
Magnetic cell separation techniques exploit the surface proteins of a specific cell
type, utilizing antibodies, affixed to the surface of magnetic beads, which then
attach to the desired cell, causing them to attach to magnetic surfaces, such as the
beads of a separation column or the walls of a surrounding magnet. This technique
is commonly used for separation of blood for research purposes. While the use
of microchannels are not as common in this application, suspended cells are still
exposed to complex forces, increasing the risk of cell damage. Cell viability and
functionality is essential, as the properties of cells will change upon cellular damage
or death, resulting in potentially inaccurate separation.
2.5.3 Flow Cytometry
Flow cytometry is a microfluidic method used to measure or identify cell character-
istics by illumination of fluorescently tagged cells as they flow past a light source
(Hawley & Hawley 2018, Bhagat et al. 2010). It can be used for diagnosis of cer-
tain conditions by the physical properties (size or elasticity), chemical properties
(expression of proteins) or simply by the presence or absence of the cells. For ex-
ample, fluorescence-activated cell sorting (FACS), counts or sorts cells by means of
























Table 2.10: Summary of the developed particle inertial separation techniques.
Separated Particle(s)
(dp)










45 × 120 µm2 rectangular cross-section sheath flow
(particles), 50 × 150 µm2 rectangular cross-section
sheath flow - 20 mm long (cells)
N/A Zhou & Papautsky (2019)









Vortex Chip: 70 × 40 µm2 rectangular cross-section
broadening to ×8 reservoirs in series with ×8
channels in parallel
Re = 150-160 Dhar et al. (2015)
Particles (6 µm),
Particles (15 µm), Breast
cancer cells (MCF-7)






160 × 500 µm2 rectangular cross-section - 10 cm
long in a 2-loop spiral






































particles (20 µm), Blood
cells
Water, Whole blood
75 × 250 µm2 rectangular cross-section - 6 cm long
in a 4-loop spiral, 110 × 500 µm2 rectangular
cross-section - 8 cm long in a 4-loop spiral









85 × 300 µm2 rectangular cross-section - 334 mm
long in a 6-loop double spiral






50 × 27 µm2 rectangular cross-section - 10.3 mm
long broadening to 50 × 100 µm2 rectangular
cross-section - 9.2 mm long








47 × 25 µm2 rectangular cross-section - 4 cm long,
47 × 30 µm2 rectangular cross-section - 4 cm long,
47 × 35 µm2 rectangular cross-section - 4 cm long







20 µm wide rectangular cross-section - 100 µm long
broadening to 60 µm wide rectangular cross-section
- 100 µm long with ×75 reservoirs in series


























Separated From Channel Description Re Study
PDMS particles







93 × 40 µm2 rectangular cross-section - 4.5 cm long










(9.9 µm), Cervical cancer




70 × 50 µm2 rectangular cross-section with ×10
reservoirs broadening to 70 × 400 µm2 rectangular
cross-section - 400 µm2 long in series with ×8
channels in parallel
Re = 5-270





Glycerol solution 50 µm2 square cross-section Re = 0-0.37 Yang et al. (2011)
Polystyrene particles
(6 µm), Neuroblastoma
cells (SH-SY5Y) (15 µm)
Water, PBS
50 × 100 µm2 rectangular cross-section - 25 cm long
in a 10-loop spiral, 120 × 500 µm2 rectangular
cross-section - 40 cm long in a 5-loop spiral
Re ≈ 20 Bhagat et al. (2010)
Polystyrene particles
(3 µm), Polystyrene
particles (6 µm), Red
blood cells (≈ 6 µm),
Malaria-infected red
blood cells (≈ 3 µm)
Whole blood
10 × 15 µm2 rectangular cross-section - 3 cm long
with 3 outlets


























Separated From Channel Description Re Study
Polystyrene particles
(7.9 µm), Red blood cells
(5-12 µm), Bacteria (E.
Coli K-12) (1-3 µm)
Water, Whole blood
60 × 20 µm2 rectangular cross-section - 4 mm long
broadening at at 0.2◦ to 60 × 160 µm2 rectangular
cross-section with 3 outlets






cells (SH-SY5Y) (15 µm),
Rat glioma cells (C6)
(8 µm)
Water, PBS









50 × 100 µm2 rectangular cross-section - 13 cm long
in a 5-loop spiral
Re ≤ 10 Bhagat et al. (2008)
Polystyrene particles
(3.1 µm), Polystyrene




50 × 350-650 µm2 rectangular cross-section,
ellipse-shaped units 31 units in length



































particles (17 µm), Oil
droplets (≤ 20 µm), Lung
cancer cells (H1650)
PBS, Whole blood Ellipse-shaped units Re = 0.075-225 Di Carlo et al. (2007)
Polystyrene particles
(8.7 µm), Red blood cells
(8-9 µm)
Dextran, Whole blood
75 µm height rectangular cross-section narrowing to
75 × 15-50 µm2 rectangular cross-section -
50-300 µm long broadening to 75 µm height
rectangular cross-section
Re = 0.01 Faivre et al. (2006)
Polymer particles
(0.71 µm), Polymer
particles (1 µm), Polymer
particles (2.1 µm),
Polymer particles (3 µm),
Polymer particles (5 µm),
Blood cells (7-8 µm)
Water, Whole blood Multi channel N/A Takagi et al. (2005)
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of the cell using an antibody with the presence of a specific surface protein (Kruger
et al. 2014). Again, like the majority of flow cytometry techniques, a microchannel
is used to expose the cell surface to a laser, producing a signal for cell analysis.
This technique can be used as a stand-alone procedure, or can be used in conjunc-
tion with cell separation techniques for faster processing. Within these channels,
τw may reach values of up to 0.9-1.4 Pa. Like cell separation, it is important that
both cell viability and functionality remain unaffected by the fluidic forces from
the channel that the cells are travelling in, to prevent false diagnosis.
2.5.4 Patient Therapies
Microchannels are commonly used in clinical settings to extract cell suspensions
from patients and return them to the body in a process known as apheresis. Dial-
ysis, used in patients with kidney failure to remove blood from the body, extract
toxins and return it to the body, has been shown to disturb the local haemodynam-
ics, leading to hyperplasia, stenosis, and ultimately, thrombosis of the endothelial
cell lining (Drost et al. 2017). It is reasonable to assume that similar damage may
occur to suspended cells due to disrupted flow patterns. Similarly, apheresis, used
in both donation (for example blood plasma and platelets) and therapeutic pur-
poses (for example in leukaemia or haemochromatosis) for isolation and removal of
specific cell types from the blood, can induce disturbed local haemodynamics. Not
only is there a change in the local fluid dynamics at the access points, but in both
cases, cells are passed through microchannels at high velocities and, in the case of
apheresis, may also undergo centrifugation, resulting in a variety of forces acting
on the cell with a potential for cell damage. In these applications, the retention
of cell viability and competence is paramount, as cells are returned to the body of
the patient.
2.5.5 Adoptive Cell Transfer
One of the most exciting and novel emerging areas of cancer research, adoptive cell
transfer (ACT), promises to change the way cancer and autoimmune diseases are
conventionally treated. Autologous cancer immunotherapy involves the removal of
T-cells from the patient’s body, followed by modification and a return to the body
of the same patient, reducing the risk of a foreign body response, while allogenic
therapies involve separate donor and patient, advantageous in cases where patient
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cell counts have already been severely blighted (Champlin 2003). In early stud-
ies, tumour-infiltrating lymphocytes (TILs) were extracted from patients’ excised
tumours, cultured in vitro, and returned to the patient’s body to treat melanoma
(Lizée et al. 2013). Antigen-expanded T-cell therapy operates on a similar principle,
however, extracted T-cells are reactivated to recognize specific tumour-associated
antigens, while T-cell receptor (TCR) therapy and CAR T-cell therapy involves
the genetic reprogramming of killer T-cells from the cancer patient to express T-
cell receptors and chimeric-antigen receptor respectively, before being returned to
the patient’s body (Thandra et al. 2020, Lizée et al. 2013). ACT processing steps
in vitro involve blood extraction, followed by cell separation techniques, and flow
cytometry as previously described, and so, make use of microchannels. As the cells
are being harvested from a patient with precious few T-cells, that may already be
quite weak due to patient treatment, it is imperative that the cells are not impaired
further in any way by the T-cell extraction and treatment process. Additionally,
as the patient has an already severely compromised immune system, it is critical
to ensure certainty that returned T-cells are not impaired or damaged in any way
by the forces that they are exposed to in these channels.
2.6 Summary
Currently, there is a comprehensive understanding of the advection of rigid particles
in microchannels. A level of complexity is added, however, when deformable par-
ticles are used, particularly when the deformable particles are living cells, whose
functionality and viability can also be impacted by the same fluidic forces that
dictate their location in the channel.
While previous studies have attempted to assess the effect that these forces
have on the viability and functionality of the cell, it is still difficult to ascertain the
validity of these results as it is difficult to quantify these forces or to understand
which individual forces contribute to such effects. This is because test methods
which are currently used to apply shear stresses to cell suspensions cannot replicate
Poiseuille flow (cone and plate), can be time dependent (syringe and needle) or
exert additional unknown strains on the suspended cells (continuous flow circuits).
Additionally, in the latter two methods, it is difficult to ascertain the shear stress
that cells in suspension are actually exposed to. For this reason, there is a need
to develop a test method that will not only apply a continuous, non-compressive
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shear force to suspended cells in pipe flow over an extended period of time, but
to also incorporate a method that will allow for a more accurate estimation of the
shear forces imposed on the cells than the τw value.
Furthermore, while it is evident from the published literature that a change in
E results in a change in inertial migration, with a possible change in cell viability
rates, the extent of the influence of the E change is unclear. Indeed, currently, many
cell separation devices already rely on this phenomenon; that different cells occupy
different inertial positions due to their size or E. However, it is still unknown
if these are the only physical properties that influence a cell’s position. Further
experimentation and computational work will confirm this.
This leads to uncertainty in microfluidic therapeutics, diagnostics and research
as unquantified forces, such as the shear stress on the cell surface, or the shear
rate that the cell is exposed to, may be affecting the cell in an unknown capacity,
potentially giving false negatives in the case of diagnostics or, in the case of ther-
apeutics, resulting in the further depletion of an already compromised and weak
cell source.
For this reason, it is vital that these effects are not only identified, but also
quantified in order to ensure the best outcomes for patients. These questions
will be addressed in the following chapters of this thesis, with a comprehensive
study on the viability of different adherent and circulating cells, in Chapter 4,
an examination of the inertial positions of different breast cancer cell types under
Poiseuille flow in Chapter 5 and an analysis of the alteration of the mechanical
properties of cancer cells and the resulting change in inertial positioning that they





3.1.1 Cell Lines and Cell Culture
3.1.1.1 MCF-7 Breast Cancer Cells
A benign breast cancer cell line; MCF-7 breast cancer cells (ATCC, Middlesex,
UK) were used. MCF-7 cells were maintained in cell media, consisting of Dul-
becco’s modified Eagles medium (DMEM), (Sigma-Aldrich Inc., Arklow, Ireland),
supplemented with 10% foetal bovine serum (FBS), (Sigma-Aldrich Inc., Arklow,
Ireland), 1% penicillin/streptomycin (Sigma-Aldrich Inc., Arklow, Ireland), and
0.5% L-glutamine (Sigma-Aldrich Inc., Arklow, Ireland). Cell lines were cultured
in an incubator at 37 ◦C and 5% CO2. Cell sizes were measured prior to ex-
periments using a LUNA™ Automated Cell Counter (Logos Biosystems Inc., Vil-
leneuve d’Ascq, France) and MCF-7 cells were found to have an average diameter
of 12.6 ± 0.5 µm.
3.1.1.2 MDA-MB-231 Breast Cancer Cells
A metastatic breast cancer cell line; MDA-MB-231 breast cancer cells (ATCC,
Middlesex, UK) were used. MDA-MB-231 cells were maintained in DMEM, sup-
plemented with 20% FBS, 1% penicillin/streptomycin, and 1% L-glutamine. Cell
lines were cultured in an incubator at 37 ◦C and 5% CO2. Cell sizes were measured
prior to experiments using a LUNA™ Automated Cell Counter and MDA-MB-231
cells were measured to be 16.8 ± 0.7 µm in diameter.
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3.1.1.3 SH-SY5Y Neuroblastoma Cells
A metastatic neuroblastoma cell line; SH-SY5Y neuroblastoma cells (Sigma-Aldrich
Inc., Arklow, Ireland) were used. SH-SY5Y cells were maintained in cell media con-
sisting of 50% DMEM and 50% Ham’s nutrient mixture F12 (Sigma-Aldrich Inc.,
Arklow, Ireland), supplemented with 10% FBS and 1% penicillin/streptomycin.
Cell lines were cultured in an incubator at 37 ◦C and 5% CO2. Cell sizes were mea-
sured prior to experiments using a LUNA™ Automated Cell Counter and SH-SY5Y
cells were found to have an average diameter of 15.8 ± 0.6 µm.
3.1.1.4 Primary Porcine Fibroblasts
Neonatal porcine primary small intestinal fibroblasts (PELOBiotech, Munich, Ger-
many) were used. Intestinal fibroblasts were maintained in fibroblast basal medium
(PELOBiotech, Munich, Germany), supplemented with 10% FBS (PELOBiotech,
Munich, Germany), 1% antibiotic-antimycotic solution (PELOBiotech, Munich,
Germany), 1% L-glutamine (PELOBiotech, Munich, Germany), 0.1% hydrocorti-
sone (PELOBiotech, Munich, Germany) and 0.1% fibroblast growth factor (FGF),
(PELOBiotech, Munich, Germany). Cell lines were cultured in an incubator at
37 ◦C and 5% CO2. Cell sizes were measured prior to experiments using a LUNA™
Automated Cell Counter and intestinal fibroblasts were measured to be 13.7 ± 0.3 µm
in diameter.
3.1.2 T-Cell Acquisition
Whole blood was acquired from three healthy adult volunteers and added to lithium
heparin (Vacutest® Blood Collection Tubes, VWR, Dublin, Ireland) in order to
prevent coagulation. T-cells were then separated from the blood using EasySep™
Direct Human T Cell Isolation Kit (STEMCELL™, Cambridge, UK). Approxi-
mately 70 mL of whole blood was taken from each donor and aliquoted into 0.5 mL
aliquots in 2 mL Eppendorf tubes (Sigma-Aldrich Inc., Arklow, Ireland). 25 µL of
the Isolation Cocktail (STEMCELL™, Cambridge, UK) was added to each tubule
along with 25 µL of RapidSpheres™ (STEMCELL™, Cambridge, UK) to each
tubule. Samples were then mixed and incubated for 5 minutes. Following the
incubation period, 1 mL of phosphate buffered saline (PBS) was added to each
tubule. All samples were then placed in the DynaMag™-2 magnet (Fisher Scien-
tific Ireland Ltd., Dublin, Ireland) and incubated with the tubule lids opened for
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a further 5 minutes. During this time, the tagged red blood cells were attracted to
the side of the Eppendorf tube closest to the magnet, leaving a clear fluid on the
other side which, following the incubation time, was aspirated off into fresh 2 mL
Eppendorf tubes. Again, 25 µL of RapidSpheres™ were added to the solution and
incubated for 5 minutes. Following this, the Eppendorf tubes were again placed in
the DynaMag™-2 magnet, without the lid, for 5 minutes. Finally the clear liquid,
containing the separated T-cells, was aspirated off into a clean tube. Cell sizes
were measured prior to experiments using a LUNA™ Automated Cell Counter and
primary T-cells were found to have an average diameter of 8.9 ± 0.6 µm.
3.1.3 Cell Preparation with Cytochalasin D
In order to alter the E of MCF-7 and MDA-MB-231 cells, some were treated
with cytochalasin D prior to experimentation (Schliwa 1982, Peng et al. 2011).
Upon reaching 70-80% confluency, cells were washed with PBS and incubated with
43.75 ng/mL of N-Formyl-Met-Leu-Phe (fMLP), (Sigma-Aldrich Inc., Arklow, Ire-
land) in PBS for 2 minutes. This was then replaced with a PBS solution containing
43.75 ng/mL of fMLP, and 5.1 µg/mL of cytochalasin D (Sigma-Aldrich Inc., Ark-
low, Ireland). Cells were initially incubated with this solution for different lengths
of time depending on the experimental condition in order to alter the E to different
extents; Condition 1: 5 minutes, Condition 2: 15 minutes or Condition 3: 35 min-
utes. However following actin staining, it was found that this effect appeared to
plateau after any exposure to cytochalasin D, with no significant change in cell in-
tensities recorded between the 5 minute, 15 minute and 35 minute groups. For this
reason, all further experiments were conducted after exposing cells to cytochalasin
D for 15 minutes only. Following the second incubation period, the solution was
removed and the cells were washed with PBS before experimentation.
3.1.4 Cell Preparation with CellTrace™
For visualisation purposes in inertial migration experiments, cells were tagged with
CellTrace™ Yellow. Upon reaching 70-80% confluency, cells were washed with
3 mL of PBS and then detached by adding 2 mL of trypsin (Sigma-Aldrich Inc.,
Arklow, Ireland) to the flask and incubating for 15 minutes. Finally, 8 mL of cell
media was added in order to denature the trypsin. Following cell detachment,
cells were counted using a LUNA™ Automated Cell Counter. The remainder of
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the suspension solution was centrifuged and excess media was aspirated off and
discarded. Cells were resuspended in PBS at a concentration of 1×106 cells/mL.
CellTrace™ working solution was prepared by mixing 1 vial of CellTrace™ (Bio-
Sciences, Dublin, Ireland) with 40 µm of dimethyl sulfoxide (DMSO), (Bio-Sciences,
Dublin, Ireland). The CellTrace™ working solution was then added to the PBS
cell suspension at a concentration of 1 µL/mL. The solution was mixed well and
incubated at 37 ◦C and 5% CO2 for 20 minutes, protected from light. Following the
incubation period, cell media 5 times the current volume of the solution was added
to the cell solution and incubated for a further 5 minutes. Finally, this solution
was centrifuged and excess media was aspirated off. Serum-free DMEM was added
to obtain the desired concentration of cells for the experimental conditions.
3.2 Preparation of Fluidic Samples
3.2.1 Determination of Percoll® Concentration in Cell Sus-
pensions
As cells possess a slightly higher density than that of the media that they were
suspended in, they tended to sink to the bottom of suspension samples. In order to
avoid this, cell suspensions used in experiments included a Percoll® (Sigma-Aldrich
Inc., Arklow, Ireland) component in order to prevent cell settling and cell adhesion.
Percoll® has been shown to have no effect on cell viability (Pertoft 2000). An
experimental analysis was conducted in order to determine the appropriate level of
Percoll to be added to the sample. MCF-7 cells were chosen as a representative cell
type. Upon reaching 70-80% confluency, MCF-7 cells were detached using trypsin.
Five vials of suspended cells of identical concentration were prepared. Cells were
centrifuged and excess media was aspirated off. Following this, serum free DMEM
was added to the cells with different concentrations of Percoll® in each vial (see
Table 3.1) and placed in an incubator at 37 ◦C and 5% CO2 for 24 hours. The vials
were visually inspected following this time period, and their viability was measured
using trypan blue. The results of this are outlined in Table 3.1.
As anticipated, there was no change in viability of the cells with the addition
of Percoll® below 20%. Reduced viability at higher levels of Percoll® is more
likely to be due to suboptimal cell culture conditions as a result of flotation on
the surface of the media such as direct exposure to air, as previous studies have
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Table 3.1: Investigated Percoll® concentrations, corresponding viscosity, cell via-
bility and results of visual inspection. Viscosity is presented as the mean of three
repeats ± the standard error mean (s.e.m.). Viability is presented as the mean of
four samples ± the s.e.m.
Percoll®
Concentration
Viscosity (mPas) Cell Viability (%)
Visual
Observations
0% 1.087 ± 0.011 91.9 ± 1.05
Sunk to the
bottom
10% - 92.55 ± 0.35
Floating close to
the bottom
15% 1.153 ± 0.003 94.5 ± 0.3
Floating close to
the bottom




30% - 72.4 ± 0.48 Floating on top
40% - 62.8 ± 0.58 Floating on top
shown it to have no effect on cell viability (Pertoft 2000). Furthermore, a Percoll®
concentration of 20% was deemed to be the optimal concentration as there were
no visible agglomeration of cells at any level in the liquid.
3.2.2 Determination of Fluid Viscosity
For comparative purposes, particle suspensions were used to compare to the inertial
migration of cells. In order to match the density of the fluid with the suspended
particles, the viscosity of glycerol (Sigma-Aldrich Inc., Arklow, Ireland) in distilled
water was measured. Additionally, it was necessary to determine the viscosity of the
DMEM mixed with 20% Percoll®. Viscosity was measured using a Brookfield DV2T
Viscometer (Brookfield Engineering Laboratories Inc., Massachusetts, USA). The
viscometer was auto-zeroed and the SC4-18(18) spindle (Brookfield Engineering
Laboratories Inc., Massachusetts, USA) was attached. The container was filled
with ≈ 6 mL of the fluid to be measured and a multipoint test with 5 second
intervals between data collections was run at 100 revolutions per minute (rpm) for
2 minutes. The data points were then averaged upon completion of the experiment
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to determine the viscosity value of the fluid. This experiment was repeated three
times for each fluid type. It was found that a distilled water solution with 22%
glycerol had a viscosity of 1.873 ± 0.001 mPas, distilled water with 34% glycerol
had a viscosity of 2.867 ± 0.010 mPas while a mixture of serum-free DMEM and
20% Percoll® contained a viscosity of 1.170 ± 0.002 mPas.
3.2.3 Determination of Fluid Density
Fluid density was determined by measuring the mass of 1 mL (or 1×10−6 m3) of





where M is the mass and V ol is the volume of the fluid. The density of distilled
water was found to be equal to that of serum-free DMEM with 20% Percoll® of
1000 kg/m3.
3.3 Cone and Plate Experiments
3.3.1 Cell Preparation
MCF-7 and MDA-MB-231 cells were cultured as described previously (in Chapter
3.1.1.1 and Chapter 3.1.1.2) in petri dishes (150 mm diameter, Fisher Scientific
Ireland Ltd., Dublin, Ireland). Upon reaching 70-80% confluency, cells were washed
with PBS and the cell culture media was replaced with serum-free DMEM.
3.3.2 Experimental Apparatus
Cells were placed in the cone and plate set-up, which has been described previously
(Franzoni et al. 2016). The entire set-up was placed in an incubator at 37 ◦C and
5% CO2. Four different levels of shear stress were investigated; 1.5 Pa, 2.25 Pa,
3 Pa and 6 Pa. The shear stress level on the cells was gradually increased over
an hour and then cells were subjected to the maximum shear stress for a further
period of 23 hours. A control petri dish, which had been seeded on the same day,
from the same passage, at the same cell concentration as the test petri dish, was
also placed in the incubator and the viabilities of both the control and test petri
dishes were assessed after 24 hours.
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3.3.3 Viability Acquisition and Statistical Analysis
Viability of cells was assessed using both trypan blue and MTT assays for accuracy.
Statistically, there was no significant difference between the assays. Advantages and
disadvantages of each method are outlined in Table 3.2. DMEM was aspirated off
both the test and control petri dishes and reserved. The cells were washed with
PBS, which was also reserved with the DMEM, and finally, any remaining cells on
both plates were detached using trypsin and added to the reserved DMEM/PBS
solutions. These solutions were centrifuged, the waste liquid was aspirated off and
cells were resuspended in a small volume of fresh PBS. From these samples, the
trypan blue assay was conducted. Trypan blue is a viability assay whereby trypan
blue dye is added to a sample of cells. Cells which have undergone the process
of cell death possess a compromised cell membrane, and so, trypan blue is taken
up by the cell, staining it a dark colour which can be seen during a microscopic
inspection. Live cells do not absorb the dye and so can be seen as possessing a dark-
ened cell membrane with clear contents. A sample of trypan blue (Sigma-Aldrich
Inc., Arklow, Ireland) was mixed with a sample of the cell test suspension and
control suspension. Cells were then counted and viability was measured using the
LUNA™ Automated Cell Counter. For the MTT assay, cell samples were placed
in a 96-well plate (Fisher Scientific Ireland Ltd., Dublin, Ireland) in serum-free
DMEM. MTT solution, composed of 5 mg/mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) (Fisher Scientific Ireland Ltd., Dublin, Ire-
land) in PBS, was added to the cells which were then incubated for 2 hours at
37 ◦C and 5% CO2. Viable cells produce NAD(P)H-dependant cellular enzymes,
which, in this time, reduced the MTT solution to purple formazan. This is then
solubilised by adding a solubilisation buffer to the cell solution. The solubilisa-
tion buffer consists of 0.1 gm/mL of sodium dodecyl sulphate (Sigma-Aldrich Inc.,
Arklow, Ireland) in 0.01 M of Hydrochloric Acid (Sigma-Aldrich Inc., Arklow, Ire-
land). Cells were incubated again for 4 hours before the absorbance was measured
at 570 nm on a spectrophotometer (Synergy™ H1, BioTek Instruments Inc., Swin-
don, UK). As absorbance is proportional to cell viability, the amount of viable cells
was calculated.
Each experiment was repeated at least three times and data is presented as ±
standard errors from the mean. Statistical analysis was conducted using analysis of
variance (ANOVA), and two sample unequal variances were used to calculate the
p-values between groups, as well as a linear regression model. Further details on
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Table 3.2: Advantages and disadvantages of trypan blue and MTT assays
Trypan Blue MTT
Relatively fast
Can be time consuming (approximately
6-7 hours)
Can estimate cell population from
sample
Cannot determine cell population
Smaller sample sizes, less accurate Larger sample sizes, greater accuracy
Dye is toxic to cells if exposed for
longer than 60 s
Dye is not toxic to cells
Cells can be apoptotic but not have a
compromised membrane
Cells can have decreased metabolic
activity but not be dead
these methods are included in Appendix A.1 and A.2. All cell viability percentages
are presented as percentages of the control viability.
3.3.4 Cell Size Acquisition and Statistical Analysis
Cell sizes of both the control and treated cells were also measured by the LUNA™
Automated Cell Counter during the trypan blue viability analysis. Each experi-
ment was repeated at least three times and data is presented as ± standard errors
from the mean. Statistical analysis was conducted using ANOVA, and two sample
unequal variances were used to calculate the p-values between groups. Further de-
tails on these methods are included in Appendix A.1 and A.2. Cell size percentages
are presented as percentages of the control sizes.
3.4 Circulatory Experiments
3.4.1 Cell Suspension
MCF-7 cells, MDA-MB-231 cells, SH-SY5Y cells, intestinal fibroblasts and T-cells
were cultured or acquired as described previously in Chapters 3.1.1 and 3.1.2 re-
spectively. Upon reaching 70-80% confluency and subsequent cell detachment using
trypsin, or after separation, cells were resuspended at a concentration of approxi-
mately 750 cells/µL, in serum-free DMEM and 20% Percoll® (see Chapter 3.2.1).
This concentration of cells was used for visualization purposes and is not repre-
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sentative of the concentration of CTCs in the CS (≈ 1-10 cells/mL (Hou et al.
2013)) or the concentration of T-cells in the CS (1.31×106 cells/mL (Ligthart et al.
1985)). The concentration of CTCs and T-cells in the LS is currently unknown.
The dynamic viscosity and density of DMEM with 20% Percoll® was measured to
be 1.17 mPas (see Chapter 3.2.2) and 1000 kg/m3 (see Chapter 3.2.3) respectively.
3.4.2 Experimental Apparatus
Figure 3.1 displays the experimental set-up used in the circulatory experiments. A
syringe pump (Pump 11 Elite, Harvard Apparatus, Cambourne, UK) was used to
infuse and withdraw the cell suspension through the in vitro model at a constant Q
as a peristaltic pump was found to have an impact on the viability of the cells. The
in vitro model consisted of flexible tubing (ID: 100 µm, Cluzeau Info Labo, Sainte-
Foy-la-Grande, France) of ≈ 30 cm in length and different Q were also used (See
Table 3.3). Fluid was delivered through a circular syringe of 14.5 mm in diameter.
It has previously been found that lymphatic flow can be accurately represented by
Poiseuille flow (Rahbar & Moore 2011). A cell suspension volume of approximately
1 mL was placed in the syringe. When this volume was completely infused into the
previously empty test sample tube, the syringe pump was programmed to withdraw
the solution. Cells were infused and withdrawn continuously over a period of
24 hours, resulting in cells being in the tubing for approximately 3.4 minutes in
total. The entire set-up was placed in an incubator at 37 ◦C and 5% CO2 for
this time. A vial of suspended cells, acting as the control, was also placed in the









Figure 3.1: The circulatory experimental set-up, consisting of a syringe pump
infusing suspended cells through the in vitro model.
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Table 3.3: Investigated Q and corresponding τw and Re values used in circulatory
experiments.





3.4.3 Viability Acquisition and Statistical Analysis
Viability of suspended cells was assessed using both trypan blue and MTT assays
for accuracy, using the procedures which have been described previously in Chapter
3.3.3. The results of the trypan blue test was also visually inspected for accuracy.
Statistically, there was no significant difference between the assays, apart from the
viability assessment of T-cells. For this reason, cells are compared with each other
using the results of the MTT assay only. Each experiment was repeated at least
three times and data is presented as ± standard errors from the mean. A Robust
regression and Outlier removal (ROUT) analysis was used to identify outlying
data points, which were then excluded from the analysis. Further details on these
methods are included in Appendix A.4. Statistical analysis was conducted using
ANOVA, and two sample unequal variances were used to calculate the p-values
between groups. Further details on these methods are included in Appendix A.1
and A.2. All cell viability percentages are presented as percentages of the control
viability.
3.4.4 Cell Size Acquisition and Statistical Analysis
Cell sizes of both the control and treated cells were also measured by the LUNA™
Automated Cell Counter during the trypan blue viability analysis. Each experiment
was repeated at least three times and data is presented as ± standard errors from
the mean. Statistical analysis was conducted using ANOVA between different test
conditions, and two sample unequal variances were used to calculate the p-values
between groups. While paired t-tests were used between control and treated cells,
and two tailed tests were used to calculate the p-values between groups. Further
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details on these methods are included in Appendix A.1, A.2 and A.3.
3.5 Inertial Migration Experiments
3.5.1 Microfluidic Device
For the inertial migration study, four different sized circular microchannels were
used. These consisted of 100 µm ID, perfluoroalkoxy alkane (PFA) tubing, 150 µm
ID, PFA tubing (Cluzeau Info Labo, Sainte-Foy-la-Grande, France), 300 µm ID,
tetrafluoroethylene (TFE) tubing (Sigma-Aldrich Inc., Arklow, Ireland), and 800 µm
ID, TFE tubing (Sigma-Aldrich Inc., Arklow, Ireland). These sizes were chosen as
they most accurately represent the range of diameters that human lymphatic ves-
sels typically grow to. A schematic of the microfluidic device is shown in Figure
3.2. Petri dishes (90 mm diameter, Fisher Scientific Ireland Ltd., Dublin, Ireland)
had holes drilled at both ends and an 18×44 mm window was cut into the base
of the dish. A glass slide was attached over this window. A technical drawing of
this casing is included in Appendix B. Tubing was cut to a length of approximately
40 cm, threaded through the holes in the petri dish and attached. As water has a
similar refractive index (1.33) to both PFA (1.34) and TFE (1.35), the petri dish
was filled with water in order to prevent optical distortion during image acquisition.
Similar devices have been used previously (Chiavaroli et al. 2010, Buchanan et al.
2014).
Figure 3.2: Microfluidic device.
3.5.2 Particle Suspension
In order to assess the effects of cell E on equilibrium position, the equilibrium
positions of rigid particles were also investigated. Fluorescent microparticles of
10.22 ± 0.13 µm diameter (microParticles GmbH, Berlin, Germany), and 27-32 µm
diameter (Cospheric LLC, California, USA) were used. These particle sizes repre-
sent the range of cell sizes that the two breast cancer cell lines grow to (Morley,
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Walsh & Newport 2017a). The particles were mixed at a 0.08% weight fraction
in distilled water, with 1% volume fraction of Tween-20 surfactant (Sigma-Aldrich
Inc., Arklow, Ireland), and a percentage of glycerol (22% for the 10.22 µm parti-
cles and 34% for 27-32 µm particles). The Tween-20 prevents particle aggregation
while the glycerol matches the density of the water to that of the particles. The
dynamic viscosity and density of distilled water are 1 mPas (see Chapter 3.2.2) and
1000 kg/m3 (see Chapter 3.2.3) respectively.
3.5.3 Cell Suspension
MCF-7 and MDA-MB-231 cells were cultured as described previously in Chapter
3.1.1.1 and 3.1.1.2 respectively. For investigations on deformability (see Chapter
6), cells were also treated with cytochalasin D as described in Chapter 3.1.3. Upon
reaching 70-80% confluency, cells were detached using trypsin and fluorescently
labelled using CellTrace™ Yellow (as outlined previously in Chapter 3.1.4). They
were then resuspended at a concentration of approximately 750 cells/µL, in serum-
free DMEM and 20% Percoll®. The volume fraction of cells was calculated to be
0.32%, where the volume fraction of cells is the percentage volume occupied by cells
in the cell suspension solution. Previous studies have advised the use of volume
fractions of < 1% in order to minimise the effects from cell-cell interactions (Han
et al. 1999, Zhang et al. 2016, Zhou et al. 2019). Indeed, those examining hematocrit
levels of RBCs found that activity due to this phenomenon was minimal below a
volume fraction of 0.5-2% (Lima, Ishikawa, Imai, Takeda, Wada & Yamaguchi
2008, Mach & Di Carlo 2010, Bhagat et al. 2011, Zhou et al. 2013, Tu et al. 2017).
The volume fraction of cells in blood is approximately 41-49% (40-45% RBCs and
1-4% WBCs), while the volume fraction of cells in lymph is approximately 0.5%
(WBCs).
3.5.4 Experimental Apparatus
Figure 3.3 displays the experimental set-up used in the inertial migration experi-
ments. A syringe pump was used to infuse the solution through the in vitro model
at a constant Q. A range of Q were investigated, which are outlined, along with
their corresponding Re, in Table 3.4. An inverted microscope (IX73, Olympus,
Southend-on-Sea, UK), was focused at the channel centre, at a distance of ≈ 20 cm
from the channel inlet. This distance corresponded to a channel length to channel
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diameter ratio ( L
2R
) of 25-200. Previous computational and experimental work has
found that at lower Re (see Table 3.4), the entry length for rigid particles is smaller,
therefore, it is believed that this channel length was sufficient in order to achieve
fully developed radial migration (Asmolov 1999, Matas et al. 2004a, Nakayama
et al. 2019). Previous studies examining the migration length of deformable RBCs
have shown that in similarly-sized microchannels, a migration length of ≈ 20 mm is
sufficient to achieve fully developed radial migration (Noso et al. 2015). As cancer
cells are considered to be less deformable than red blood cells, and the channel
length is sufficient for the inertial migration of both rigid particles and deformable
red blood cells, it is believed to be of adequate length to achieve the inertial migra-
tion of deformable cancer cells. Different objective lenses were used, depending on
the channel size, these are outlined in Table 3.5. As the depths of fields were, at
most, 2% of the channel diameter, it was determined that this was sufficient to pre-
vent distortion from artifacts. A white LED light source (pE-100, CoolLED Ltd.,
Andover, UK), shining through a filter cube (Excitation: 536/40 nm, Emission:
607/36 nm) was used to illuminate the fluorescent particles (40% light intensity)
or cells (100% light intensity) as they passed through the microfluidic device. A
high-speed camera (Orca Flash 2.8, Hamamatsu Photonics K.K., Welwyn Garden








Figure 3.3: The inertial migration experimental set-up, consisting of LED light
source, connected to a microscope and high-speed camera.
3.5.5 Image Acquisition
Images were captured using the software HCImageLive (Hamamatsu Photonics
K.K., Welwyn Garden City, UK). For each inertial migration experiment, a series
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Table 3.4: Channel IDs, investigated Q and corresponding calculated Re used in
the inertial migration experiments.
Channel Inner Diameter (µm)







2.33×10−1 0·042 0·028 0·014 0·005
8.1×10−1 0·147 0·098 0·049 0·018
4.53×101 8·22 5·48 2·74 1·03
1.94×102 35·15 23·43 11·72 4·39
4.86×102 88·2 58·8 29·4 11·0
9.72×102 175·8 117·2 58·6 22·0







100 40x 0.65 1 µm
150
20x 0.50 3 µm
300
800 10x 0.30 12 µm
of 911, 8 bit, greyscale images with a resolution of 960 × 720 pixels were captured.
911 images was the amount that the apparatus could obtain in a 20 s window. A
gain of 0-50 was used for particles while a gain of 200-255 was used for cells, which
are less fluorescent. The exposure time for each image was 20 ms and each image
sequence was collected over a period of 20 s.
3.5.6 Image Processing
Image sequences were processed using a series of MATLAB® scripts (MathWorks,
Galway, Ireland), all of which have been included in Appendix C. The tubing wall
was located and all images were cropped to this size (see Appendix C.1). An image
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where IAv is an image matrix of the average intensity values for each pixel, averaged
over the image sequence. Im is the mth image in the image sequence (see Appendix






where DI(x) is the intensity distribution as a function of x, the position across the
channel diameter and L is the length of the image in pixels (see Appendix C.2.2).






where DP (x) is the population distribution curve as a function of x. These distri-
bution curves were averaged for each particle/cell type in order to obtain population
density plots (see Appendix C.2.3).
3.6 Adherent Cell Imaging Experiments
3.6.1 Cell Preparation
MCF-7 and MDA-MB-231 cells were cultured as described previously in Chapters
3.1.1.1 and 3.1.1.2 and some were treated with cytochalasin D as described in Chap-
ter 3.1.3 in black-walled 96-well microplates (Grenier Bio-One GmbH, Kremsmün-
ster, Austria); twelve wells contained MCF-7 cells (three wells which were untreated
and three wells for each treated experimental condition) while three contained
untreated MDA-MB-231 cells. Following treatment, the cells were fixed in 4%
formaldehyde (Sigma-Aldrich Inc., Arklow, Ireland). Actin staining was performed
using phalloidin stain (Bio-Sciences, Dublin, Ireland), while nucleus staining was
performed using 4’,6-diamidino-2-phenylindole (DAPI) stain (Bio-Sciences, Dublin,
Ireland).
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3.6.2 Experimental Apparatus
Cells which had been fluorescently labelled with phalloidin and DAPI were imaged
using an ImageXpress Micro Confocal High-Content Imaging System (Molecular
Devices LLC, San Jose, California), and MetaXpress High-Content Image Acquisi-
tion and Analysis Software (Molecular Devices LLC, San Jose, California). 42 sam-
pling sites in each well were imaged. The cell sizes and phalloidin intensities in the
images were analysed using CellProfiler™ (Broad Institute, Massachusetts, USA)
(McQuin et al. 2018) and this data is presented as ± standard errors from the
mean. Statistical analysis was conducted using ANOVA, and two sample unequal
variances were used to calculate the p-values between groups. Further details on
these methods are included in Appendix A.1 and A.2.
3.7 Suspended Cell Imaging Experiments
3.7.1 Cell Preparation
MCF-7 and MDA-MB-231 cells were cultured as described previously in Chapters
3.1.1.1, 3.1.1.2 and 3.1.3. Upon reaching 70-80% confluency, cells were washed with
PBS and incubated with an fMLP solution followed by a cytochalasin D solution
for 15 minutes, as described previously. Following this second incubation period,
the solution was removed, the cells were washed with PBS and detached using
trypsin. A sample of trypan blue was mixed with a sample of the cell suspension
from each experimental condition.
3.7.2 Experimental Apparatus
Cells which had been prepared with trypan blue were imaged using the LUNA™
Automated Cell Counter. Three samples from three different passages for each
experimental condition were obtained, with two images from each sample. The cell
sizes were analysed using the LUNA™ Automated Cell Counter and circularity
was analysed using a MATLAB® script, which has been included in Appendix C.4.
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where C is the circularity of the cell, Ac is the cell area and P is the perimeter
of the cell. This results in a dimensionless number between 1 and 0, where 1 is a
perfect circle. The cell size and circularity data is presented as ± standard errors
from the mean. Statistical analysis was conducted using ANOVA, and two sample
unequal variances were used to calculate the p-values between groups. Further
details on these methods are included in Appendix A.1 and A.2.
3.8 Cell Elastic Modulus Experiments
3.8.1 Cell Preparation
MCF-7 and MDA-MB-231 cells were cultured as described previously in Chapters
3.1.1.1 and 3.1.1.2, and some were treated with cytochalasin D as described in
Chapter 3.1.3 in petri dishes (60 mm Fisher Scientific Ireland Ltd., Dublin, Ireland).
Upon reaching 70-80% confluency, cells were washed with PBS and incubated with
an fMLP solution followed by a cytochalasin D solution, for 15 minutes, as described
previously. Following the second incubation period, the solution was removed, the
cells were washed in PBS, placed in fresh serum-free DMEM and were allowed to
stabilize at room temperature.
3.8.2 Experimental Apparatus
A Chiaro nanoindenter (Optics11 Life, Amsterdam, the Netherlands) was used
in order to measure cell stiffness. A cantilever with a spherical tip of 8.0 µm in
radius was used with a spring constant of 0.031 N/m. Prior to the testing of the
samples, the cantilever was submerged in serum-free DMEM and calibrated against
a thick glass slide. The sample slides were mounted onto an IX73 Olympus inverted
microscope to allow for the focusing of the probe over the cell centre. Three petri
dishes of different passage numbers were used for each experimental condition, with
thirty to forty cells chosen at random and nanoindented in each petri dish (Hayashi
& Iwata 2015) at room temperature. The probe was placed over the centre of
each cell in order to ensure maximum contact surface, however, it has previously
been shown that there is no statistical difference between central and peripheral
nanoindentation locations in both cancerous and non-cancerous cells (Hayashi &
Iwata 2015). Cells were indented up to 6 µm for a duration of 1 second with a
loading velocity of 1 µm/s. Indentations which failed to meet a minimum load of
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0.008 µN were excluded as such cells were at risk of not being properly attached to
the base of the plate. Force-indentation curves were analysed using the DataViewer
Software (Optics11 Life, Amsterdam, the Netherlands) and E was calculated on










Where F is the force, Eeff is the effective elastic modulus, Ri is the radius of the
spherical tip and hi is the indentation depth. This model assumes that the tip
is parabolic when calculating the contact radius, and so is valid to the maximum
indentation depth of 16% of the tip radius. Thus, force-indentation curves were
analysed from the initial 22% of the maximum load.
3.8.3 Statistical Analysis
Following data acquisition, the D’Agostino-Pearson normality test was used to
check for a normal distribution in each plate, outliers were identified using the
ROUT method and excluded from the final data-set. Further details on these
methods are included in Appendix A.4. Data is presented as ± standard errors
from the mean. Statistical analysis was conducted using ANOVA, and two sample
unequal variances were used to calculate the p-values between groups. Further
details on these methods are included in Appendix A.1 and A.2.
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Chapter 4
The Viability of Different Cell
Types in Suspension in In Vitro
Poiseuille Flow Conditions
4.1 Introduction
The influence of Poiseuille flow on cell viability has applications in the areas of
cancer metastasis, lab-on-a-chip devices and flow cytometry. Indeed, retaining
cell viability is important in the emerging field of cell therapy as cells need to be
returned to patients’ bodies. Despite this, it is unclear how this fundamental fluid
regime affects cell viability. The study in this chapter investigated the influence
that varying Q, and the corresponding Re and τw has on the viability of circulating
cells in laminar pipe flow. Different cells, each hailing from different native fluidic
environments, were chosen for this study to examine if there was a difference in their
viabilities following exposure to Poiseuille flow. These included two breast cancer
cell lines, one a benign cell line (MCF-7 cells), ordinarily resident in static tissue,
and the other, a metastatic cell line (MDA-MB-231 cells), ordinarily resident in
static tissue but with the ability to invade the local vasculature. Also investigated
were primary T-cells, which would ordinarily be continuously suspended in fluid
flow in both the cardiovascular and lymphatic systems, and primary intestinal
fibroblasts, whose native environment is in static tissue, exposed only to interstitial
flow. Neuroblastoma cells, a cancer cell line, less accustomed to flow in suspension
than the previously tested breast cancer cells, with a lower metastatic potential,
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were also investigated to examine if the high viability rate observed in breast cancer
cells is common to other cancer cell types.
The system design was required to be able to test a range of different conditions
as cells in circulation can be subject to a wide variety of different fluidic conditions
in the LS and the CS. Lymphatic capillaries are much larger (100-300 µm) (Pan
et al. 2010, Dixon et al. 2006, Rahbar & Moore 2011, Margaris et al. 2016, Kornuta
et al. 2015) than blood capillaries (5-10 µm) and fluid velocities in the LS are
much lower (0.35-1 mm/s) (Dixon et al. 2006, Rahbar & Moore 2011, Margaris
et al. 2016, Kornuta et al. 2015) than those found in the CS which can reach up to
300 mm/s. In addition, blood is a shear thinning fluid whereas lymph is considered
a Newtonian fluid with µ and ρ similar to those of water (approximately 1 mPas and
1000 kg/m3 respectively) (Rahbar & Moore 2011, Jafarnejad et al. 2015, Cooper
et al. 2016). Each of these individual factors combine to give lymphatic fluid flow a
very low Re of approximately < 1 (Dixon et al. 2006). Larger capillaries and lower
velocities also result in a lower τw in the LS. Typical τw values reach approximately
0.065 Pa (Dixon et al. 2006, Rahbar & Moore 2011, Kornuta et al. 2015), while in
the CS, they can reach 1.5-6 Pa (Regmi et al. 2017). This results in ∇τp in the CS of
approximately 0.004-0.023 Pa/µm, however, interestingly, previous computational
studies have found that ∇τp in the LS are far in excess of this at 0.004-0.137 Pa/µm.
It has been postulated that these ∇τp values play a large role in the metabolic
response of the cells and their behaviour under certain flow conditions (Morley,
Newport & Walsh 2017).
The developed system, therefore, allows for a range of vessel sizes and Q result-
ing in a large range of Re and shear stresses and consists of microtubing attached
to an infuse/withdraw pump (see Chapter 3.4). This delivery technique and mi-
crochannel set-up, while representative of the fluid dynamics in ex vivo channels,
may not accurately capture the fluid dynamics that dominates in vivo vessels,
however, given the fundamental nature of this work, the use of this approach was
deemed appropriate to establish a standard for future, more in depth studies. The
viability of breast cancer cells in a cone and plate system was investigated under
constant lymphatic and cardiovascular levels of τw. This was then compared to
their viability in a circulatory system under τw levels corresponding to levels of
τw in the cone and plate. This information will aid us in understanding circulat-
ing tumour cell migration. It will also lead to the improved design of ex vivo cell
handling devices as the yield and viability of cells in these systems are essential.
86
CHAPTER 4. CELL VIABILITY OF DIFFERENT CELL TYPES
4.2 Results
4.2.1 Viability of Breast Cancer Cells in a Cone and Plate
The viability of breast cancer cells exposed to continuous shear stress levels found
within the LS and CS were investigated, using a cone and plate study (see Chapter
3.3). Viability was assessed using both trypan blue and MTT assays. Images of
the trypan blue assays taken after the cone and plate experiment was carried out
(at 6 Pa) from both the control and test petri dishes are shown in Figures 4.1a and
4.1b respectively. Live cells are circled in green while dead cells are circled in red.
The results of both the trypan blue and MTT assays are shown in the bar
graph in Figure 4.1c. There was no significant difference between results of the
assay types. As was expected, an increasing continuous shear stress resulted in an
increased level of cell death. For both MCF-7 and MDA-MB-231 cell lines, viability
remained high (almost 100%) after being exposed to low continuous shear stress
levels of 1.5 Pa for 24 hours.
A linear regression analysis was then performed on this data and a line of best
fit was obtained for each cell line, indicating the viability curve with respect to
increasing, continuous shear stress levels. This can be seen in Figure 4.1d. As the
continuous shear stress reached threshold values (≈ 2 Pa for MCF-7 cells and ≈
0.25 Pa for MDA-MB-231 cells), cell death began to occur. At higher continuous
shear stress levels, after a period of 24 hours, only 11.5 ± 6.2% of MCF-7 cells and
8.19 ± 4.4% of MDA-MB-231 cells had survived. Besides high cell death levels,
cell size decreased by approximately 70.6 ± 7.1% in MCF-7 cells and 54.9 ± 14.5%
in MDA-MB-231 cells at a continuous shear of 6 Pa. This indicates that high
continuous shear stress levels have an adverse affect on cells. Putting these values
into an in vivo context, typical τw values in the LS reach 0.065 Pa (Dixon et al.
2006, Rahbar & Moore 2011, Kornuta et al. 2015), while in the CS, they can reach
1.5-6 Pa (Regmi et al. 2017). Were these values to be applied in an in vivo scenario,
it would mean that cancer cells would thrive in the LS but experience a decrease
in viability in the CS. Furthermore, there is a difference between the reaction of
MCF-7 cells and MDA-MB-231 cells to continuous shear stress. While no notable
difference was observed between the rate of cell death with increasing continuous
shear stress, there was a significant difference between the elevations of the viability
curves (p = 0.01079), with MCF-7 cells surviving at greater continuous shear stress
levels than MDA-MB-231 cells.
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a) b)
MCF-7 Cells - Trypan Blue
MCF-7 Cells - MTT
MDA-MB-231 Cells - Trypan Blue














































Figure 4.1: (a) Image of the trypan blue assay used to stain MDA-MB-231 cells
to assess viability. Live cells are circled in green while dead cells have been circled
in red. (b) Image of trypan blue stained MDA-MB-231 cells following 24 hour
exposure to a shear stress of 6 Pa in a cone and plate. Cell viability has been
substantially reduced from (a). (c) The viability of breast cancer cells in a cone
and plate as assessed by both trypan blue and MTT assays. Statistical analysis was
conducted using two-way ANOVA. No significant differences were recorded between
the two assay types. Results were normalised to 0 Pa. **p < 0.01, *p < 0.05, n = 3
replicates, vertical bars represent the s.e.m. (d) A compound graph of trypan blue
and MTT results of the viability of breast cancer cells in a cone and plate with
fitted viability curve.
To this author’s knowledge, no previous studies utilizing a cone and plate set-
up have examined the viability of MCF-7 or MDA-MB-231 cells, however previous
studies have examined the effects of cone and plate-induced shear on melanoma,
ovarian and oesophageal cancer cells (Krog & Henry 2018). Comparison of viability
rates is difficult as different sampling times and shear stress levels are used in all
experiments, however, all concur with these findings; that continuous, laminar
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shear stress experienced by suspended cells can cause cell death.
4.2.2 Size of Breast Cancer Cells in a Cone and Plate
The size of breast cancer cells following their exposure to laminar shear stress in a
cone and plate for 24 hours was also investigated as described previously in Chapter



































Figure 4.2: Sizes of breast cancer cells following continuous shear stress exposure
in a cone and plate. Sizes are displayed as a percentage of the sizes of the control
cells. Statistical analysis was conducted using two-way ANOVA. n = 3 replicates,
vertical bars represent the s.e.m.
Cell sizes at the lower shear stresses remained similar to those of the control
dish, with cells exposed to 1.5, 2.25 and 3 Pa remaining at 80-100% of the original
cell size. At a shear stress of 6 Pa however, there was a significant decrease in the
cell size with respect to nearly all other shear stress levels, with both MCF-7 cells
(p = 0.0012, p = 0.0016 and p = 0.0022 in comparison with 1.5, 2.25 and 3 Pa
respectively) and MDA-MB-231 cells (p = 0.0038 and p = 0.0170 in comparison
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with 1.5 and 3 Pa respectively) decreasing to ≈ 30-45% of their original sizes.
This is not overly surprising as cell shrinkage has previously been associated with
apoptosis (Savage-Dunn 2008), and though this deduction is not conclusive, it
would suggest that this may be the method of cell death. Interestingly, though
cell viability began decreasing from ≈ 2 Pa in MCF-7 cells and from ≈ 0.25 Pa in
MDA-MB-231 cells (see Figure 4.1d), the decrease in cell size in both lines does not
begin until shear stress values in the cone and plate have exceeded 3 Pa. This may
point towards the cell death pathways that have been activated, however further
investigation is required in order to confirm this.
4.2.3 Comparison of Pump Delivery Methods
Careful consideration was given to the pump selection as it was required that
shear would be imposed by the Poiseuille flow conditions alone. While a peristaltic
pump may be more advantageous for replicating in vivo flow conditions, there were
concerns that it, by its nature, may impose additional, shear forces of unknown
values on the cells as they passed through it. In order to address these concerns,
preliminary studies were carried out using both a peristaltic and syringe pump at
flow values that exerted identical τw values in the tubing for 24 hours, the results
of which can be seen in Figure 4.3.
The inner diameter of the tubing in the peristaltic pump was 500 µm and the
estimated change in its inner diameter was calculated to be ≈ -280 µm. This
resulted in an increased τw value at the pinched section of ≈ 9 Pa. As viability
in the syringe pump was found to be ≈ 198.1% larger than that in the peristaltic
pump (p = 0.0042), it was determined that the remainder of the experiments would
be conducted using this method.
4.2.4 Viability of Breast Cancer Cells in Poiseuille Flow
While cone and plates can be used to examine the cellular response to a defined
shear, they cannot replicate the same shear experienced by these cells in a circular
vessel. Additionally, circulatory experiments carried out previously, investigating
the effects of shear on suspended cell viability assume that the cells experience τw
(Fan et al. 2016, Regmi et al. 2017, Jin et al. 2018, Fu et al. 2016, Barnes et al.
2012, Mitchell et al. 2015, Triantafillu et al. 2017). This assumption may use a
simple parameter in order to capture a complex event. As seen in Chapter 2.2.2
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Figure 4.3: The viability of MCF-7 breast cancer cells at a τw value of 4 Pa in both
a syringe pump and peristaltic pump. Statistical analysis was conducted using an
unpaired t-test. **p < 0.01, n = 3 replicates, vertical bars represent the s.e.m.
cells are unlikely to travel at the channel walls and so do not experience the full
effect of τw. The viability of breast cancer cells under different Q under circulatory
flow conditions was also investigated using the circulatory set-up (see Chapter 3.4).
The range of Q investigated corresponded to those values in the predicted viability
model. The results of both the trypan blue and MTT assays are shown in Figure
4.4a.
There was no significant difference between results of the assay types. Again,
a linear regression analysis was performed on the compound graph of this data.
These results are also shown in Figure 4.4b. In both MCF-7 cells and MDA-MB-
231 cells, viability was largely unaffected by an increasing τw value, however a
very small increase in viability was statistically significant in only the MCF-7 cells
(p = 0.0019). A similar slight increase in the viability of suspended colon cancer
cells with increasing τw over a constant time frame in a continuous flow circuit
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MCF-7 Cells - Trypan Blue
MCF-7 Cells - MTT
MDA-MB-231 Cells - Trypan Blue
MDA-MB-231 Cells - MTT







































Figure 4.4: (a) The viability of breast cancer cells in a circulation, assessed using
both trypan blue and MTT assays. Statistical analysis was conducted using two-
way ANOVA. No significant differences were recorded between the two assay types.
Results were normalised to static cells in suspension (or τw of 0). n = 3 replicates,
vertical bars represent the s.e.m. (b) A compound graph of trypan blue and MTT
results of the viability of breast cancer cells in circulation. Note the values of τw
are calculated based on the Q in Poiseuille Flow (as per equation 2.5) and are not
the shear stress values experienced by the cells in the suspension.
has also been previously observed (Fan et al. 2016) and is explored later in further
detail. At low Q, typical of the LS, which induced a τw value of 2.25 Pa (or a shear
stress value of 1.35 Pa at 0.6 of the channel radius), viability in MCF-7 cells and
MDA-MB-231 cells was 70.7 ± 8.2% and 89.2 ± 16.3% respectively. The MCF-7
value was 27.1% lower than that of the same τw value experienced in the cone and
plate, however the MDA-MB-231 value was 50.9% higher in comparison to the cone
and plate. An additional finding was that at a higher τw value, there was very little
difference between the viability of the control tube and the cells in circulation. At
a τw of 10 Pa (or a shear stress value of 6 Pa at 0.6 of the channel radius), MCF-7
and MDA-MB-231 cell viability was 10 times and 23.2 times larger than that in the
cone and plate respectively at 6 Pa. The findings suggest that inertial lift forces
result in cells in circulation experiencing much lower shearing forces as they move
towards the vessel centre. This raises the possibility that τw is not a critical force
pertaining to cell viability.
These findings agree with previous studies that have examined the viability of
suspended cells under similar τw values in a syringe and needle set-up, however
these experiments were conducted over a much smaller time frame (30 minutes)
(Triantafillu et al. 2017). This indicates that suspended cells have the ability to
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survive much longer periods in the circulation than previously thought. Addition-
ally, it is believed that cells in a syringe and needle set-up experience high pressure
points at the interface between the syringe and needle, which perhaps, affect cell
viability (Wahlberg et al. 2018). It is interesting to note that according to these
results, this may not be the case, indeed, previous studies have found that the
majority of cell death occurs in the channel rather than in the delivery syringe
(Suwannaphan et al. 2018).
4.2.5 Size of Breast Cancer Cells in Poiseuille Flow
In addition to cell viability, the sizes of breast cancer cells exposed to Poiseuille
flow conditions were also investigated, as described previously in Chapter 3.4.4, the
results of which are displayed in Figure 4.5.
MCF-7 Cell Size
MDA-MB-231 Cell Size




























Figure 4.5: Sizes of breast cancer cells following exposure to Poiseuille flow. Sizes
are displayed as a percentage of the sizes of the control cells. Statistical analysis
was conducted using two-way ANOVA. n = 3 replicates, vertical bars represent the
s.e.m.
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Cell sizes at all τw values remained similar, with both MCF-7 cells and MDA-
MB-231 cells remaining at ≈ 90-100% and ≈ 75-90% of their control sizes respec-
tively throughout all experiments. No significant differences were observed between
data points. Additionally, a linear regression analysis found the slope of the trend-
line not to be significantly non-zero (at p = 0.9377 and p = 0.8990 in MCF-7 cells
and MDA-MB-231 cells respectively). Again, this is not surprising as there was
little to no change in cell viability observed in breast cancer cells in Poiseuille flow
with an increase in τw (see Figure 4.4b). This in in contrast to the earlier observa-
tions in the cone and plate where, following an increase in continuous shear stress
levels, the sizes of both breast cancer cell lines significantly decreased.
4.2.6 Viability of T-Cells in Poiseuille Flow
The viability of T-cells exposed to Poiseuille flow for 24 hours was investigated
as outlined in Chapter 3.4 to address whether the high viability rate observed in
breast cancer cells was an artefact of transformed cells or was true of all cells under
these conditions. T-cells were chosen as a comparative line as, unlike cancer cells,
their native environment is one of an advecting cell, and therefore, were expected
to have a high viability rate. Cell viability was assessed using both trypan blue
and MTT assays, the results of which are shown in the bar graph in Figure 4.6a.
There were significant differences recorded between results of the two assay
types, particularly at τw of 3 Pa and 10 Pa (p = 0.0054 and p = 0.0028 respectively).
This may be due to the fact that despite trypan blue being used in several studies
to count or assess the viability of peripheral blood mononuclear cells (PBMCs)
(Nazarpour et al. 2012, Perdomo-Celis et al. 2016, Yang et al. 2016), it has also
been shown to produce erroneous results when counting PBMCs (Chan et al. 2020),
which can be due to their faint profiles under bright-field microscopy because of
a small nuclear to cytoplasmic ratio, and the possibility of contamination from
RBCs (Chan et al. 2013). To the best of this author’s knowledge, there have been
no studies that have found discrepancies in the use of MTT assays to investigate
the viability of PBMCs. For this reason, in the case of the T-cells, it is believed
that the MTT was the more accurate assay.
There was no significant difference between the control viability or the viability
of T-cells at any τw, according to the MTT assay. The MTT results can be seen
in Figure 4.6b. The viability of the T-cells was unaltered by an increasing τw
and therefore increasing Re, however there appeared to be a slight decrease in
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Figure 4.6: (a) The viability of T-cells in circulation, assessed using both trypan
blue and MTT assays. Statistical analysis was conducted using two-way ANOVA.
Significant differences were recorded between the two assay types. Results were
normalised to static cells in suspension (or τw of 0). ****p < 0.0001, **p < 0.01,
n = 9 replicates, vertical bars represent the s.e.m. (b) The viability of T-cells
in circulation as assessed by MTT. Note the values of τw are calculated based on
the Q in Poiseuille Flow (as per equation 2.5) and are not the shear stress values
experienced by the cells in the suspension.
the viability at lower τw. At low τw, typical of the lymphatic system, at 3 Pa, the
viability of the T-cells was 105 ± 14%, according to the MTT assay, while at higher
τw, more representative of the cardiovascular system, of 10 Pa, cell viability again
remained at 113 ± 19%. It is unsurprising that T-cells are able to survive at such τw
levels, as these levels are encountered quite regularly in the cardiovascular system,
additionally, it is interesting to note that their viability is unchanged in laminar flow
conditions, typically encountered within the lymphatic system (Rahbar & Moore
2011), and the results are consistent with this.
These findings agree with a previous similar study on the viability of leukocytes
in a syringe and needle set-up. Following a syringe and needle experiment using
Q of 0.3-8 mL/min in a 0.41 mm diameter needle, producing Re ≈ 15.49-413.22,
Suwannaphan et al. (2019) found that leukocytes did not experience any change
in viability following experiments lasting between 0.0125-0.25 ms. The study pre-
sented in this chapter indicated that a longer experimental time frame, albeit at
lower Re (2.05-9.13), also had no effect on the viability of the cells. Furthermore,
it indicated that the decrease in the channel size between the Suwannaphan et al.
(2019) study and this one, of more than 70%, did not impact the viability of T-cells
in any way, demonstrating their durability in microchannels. This demonstrates
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that cell processing protocols that use microchannels to separate and analyse T-
cells, have no consequences for the cells’ viability. Additionally, the preceding study
in section 4.2.4 has shown similar results were found in breast cancer cells; that an
increase in Q and, consequently, τw, has very little influence on the cells’ viability.
4.2.7 Viability of Intestinal Fibroblasts in Poiseuille Flow
All three cell types tested so far possessed unaffected viability levels following
exposure in Poiseuille flow. Therefore, it was next evaluated whether primary
cells isolated from a flow restricted physiological environment also survived. To
this end, the viability of neonatal porcine primary intestinal fibroblasts exposed
to Poiseuille flow for 24 hours was investigated. Intestinal fibroblasts were chosen
as, because they reside in static tissue of the intestinal submucosal space, their
native environment is not in suspension at all; and so, is in direct contrast to the
native environment of the T-cells. They may, however, be exposed to interstitial
flow which can result in τw values of ≈ 0.4 Pa (Hiraiwa et al. 2019), much lower
than those investigated in this study. As a reduction in cell anchoring, caused by
a decrease in integrin functioning, is known to cause a decrease in cell viability
in normally adherent cells (Stupack & Cheresh 2002), it is necessary to discern if
exposure of normally adherent, primary cells to fluid flow would result in different
viability to those of cancer cells or natively advecting T-cells.
Again, cell viability was assessed using both trypan blue and MTT as outlined
previously (see Chapter 3.4.3) and these results are shown in the bar graph in
Figure 4.7a.
While previous studies have found that trypan blue is a less accurate test of
viability in fibroblasts than MTT, the results of both assays are consistent with each
other (Masson-Meyers et al. 2016). These findings concur with the data presented
in Figure 4.7a, with the MTT assay showing less variation than the trypan blue
results. Furthermore, there were no significant differences between the results of
the two different assay types. MTT results showed a significant difference between
the viability of the control cells and those of all other test conditions (p = 0.0009
in comparison with τw = 10 Pa and p < 0.0001 in comparison with all other τw)
while trypan blue tests indicated that there was a significant difference between
the control and the test condition τw = 6 Pa (p = 0.0029). A compound graph of
the two assay types can be seen in Figure 4.7b. When both trypan blue and MTT
results are taken into account, the viability of the primary fibroblasts remained
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Figure 4.7: (a) The viability of primary intestinal fibroblasts in circulation, as-
sessed using both trypan blue and MTT assays. Statistical analysis was conducted
using two-way ANOVA. No significant differences were recorded between the two
assay types. Results were normalised to static cells in suspension (or τw of 0).
****p < 0.0001, ***p < 0.001, **p < 0.01, n = 3 replicates, vertical bars represent
the s.e.m. (b) A compound graph of trypan blue and MTT results of the viability
of primary intestinal fibroblasts in circulation. Note the values of τw are calculated
based on the Q in Poiseuille Flow (as per equation 2.5) and are not the shear stress
values experienced by the cells in the suspension.
unchanged, however, like both the breast cancer cells and the T-cells previously,
there appeared to be a slight decrease in viability at the lower τw. As this trend was
observed in more than one cell line, it is explored in further detail later in section
4.2.9. Intestinal fibroblasts suspended in fluid flow of τw = 2.25 Pa, recorded
viabilities of 34 ± 13%, while at higher τw of 10 Pa, cell viability remained at
47 ± 10%. As the τw that intestinal fibroblasts are normally exposed to is an order
of magnitude below what was investigated in this study, combined with the fact
that the cells are exposed to conditions outside of their niche environment, may
explain the high death rate.
These findings have implications for intestinal cell research. Many intestinal
fibroblast isolation protocols utilise flow cytometry (Johnson et al. 2016) while
FACS are used for analysis purposes. These methods may need to be reviewed as
they may be having detrimental effects on the cells. In light of the above findings,
it may be more appropriate to process them at higher flow rates which appear more
conducive to cell viability.
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4.2.8 Viability of SH-SY5Y Cells in Poiseuille Flow
Finally, it was decided to evaluate whether the survival characteristics of cancer
cells observed so far were broadly applicable across all cancer types or whether they
were similarity partitioned, like primary cells, into those that normally experience
flow and those for which suspension in flow is detrimental to their viability. To do
this, the viability of SH-SY5Y neuroblastoma cells exposed to Poiseuille flow for
24 hours was investigated. Interestingly, studies which have used the expression
of keratin KRT19 as a measure of the metastatic potential of different cancer cell
lines have found that it is overexpressed in breast cancer cells, such as MCF-7
and MDA-MB-231 cells in comparison with other cancer cell types and is very
low specifically in SH-SY5Y cells (Saha et al. 2017), indicating lower metastatic
capabilities in the neuroblastoma cell line, and therefore, more of an affinity to
static cellular microenvironments like the primary fibroblasts. Again, cell viability
was assessed using both trypan blue and MTT as outlined previously (see Chapter
3.4.3) and these results are shown in the bar graph in Figure 4.8a.
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MTT














































Figure 4.8: (a) The viability of SH-SY5Y neuroblastoma cells in circulation, as-
sessed using both trypan blue and MTT assays. Statistical analysis was conducted
using two-way ANOVA. No significant differences were recorded between the two
assay types. Results were normalised to static cells in suspension (or τw of 0).
****p < 0.0001, **p < 0.01, *p < 0.05, n = 3 replicates, vertical bars represent
the s.e.m. (b) A compound graph of trypan blue and MTT results of the viability
of SH-SY5Y cells in circulation. Note the values of τw are calculated based on
the Q in Poiseuille Flow (as per equation 2.5) and are not the shear stress values
experienced by the cells in the suspension.
There were no significant differences between the results of the two different
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assay types. MTT results showed that the viability of cells under τw of 2.25 Pa,
3 Pa and 6 Pa were significantly different to the control viability (p < 0.0001,
p = 0.0042 and p = 0.0048 respectively), while trypan blue showed significant
differences between the control viability and the conditions of τw = 2.25 Pa and
10 Pa (p = 0.0024 and p = 0.0237 respectively). A compound graph of the two
assay types can be seen in Figure 4.8b. When both trypan blue and MTT results
are taken into account, the viability of the neuroblastoma cells did not change with
an increasing τw, however, again, there appeared to be a slight decrease in the
viability at lower τw. In an in vivo environment, neuroblastoma cells are typically
only exposed to interstitial flow which results in τw values of ≈ 0.4 Pa (Hiraiwa et al.
2019), much lower than those investigated in this study. At the lowest τw, closest
to interstitial flow, at 2.25 Pa, the viability of the SH-SY5Y cells was 28 ± 3%,
while at higher τw, of 10 Pa, cell viability remained at 58 ± 9%. While again,
statistically, the viability of the neuroblastoma cells remained unchanged across
the different laminar flow conditions, the overall viability of these cells following
their exposure to flow conditions were lower than the two previously tested, more
metastatic, breast cancer cell lines as well as the T-cells.
4.2.9 Comparative Analysis of the Viability of Different
Cell Types in Poiseuille Flow
The viability levels of breast cancer cells, T-cells, intestinal fibroblasts and neurob-
lastoma cells investigated in this study were then compared to each other, and are
shown in Figure 4.9. As the trypan blue assays were unable to accurately determine
the viability of the T-cells, the MTT results from all cell types only were used for
comparative purposes.
While the viabilities of the two breast cancer cell lines and the primary T-cells
remained high throughout the experiment (≈ 80-100% viability in comparison to
the control), the viability of the neuroblastoma cell line, cells that are not typically
suspended in Re as high as the aforementioned cells, was significantly lower, typ-
ically at 40-60% (p < 0.0001 in comparison with both MCF-7 and MDA-MB-231
cells, and p = 0.0005 in comparison with T-cells). Furthermore, the viability of the
primary fibroblasts, of approximately 15-40% was significantly lower than all other
cell types (p < 0.0001 in comparison with MCF-7, MDA-MB-231 cells and T-cells,
and p = 0.0003 in comparison with SH-SY5Y cells). As the native environment
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Figure 4.9: The viabilities of MCF-7 and MDA-MB-231 breast cancer cells, pri-
mary T-cells, primary porcine intestinal fibroblasts and SH-SY5Y neuroblastoma
cells in circulation. All viabilities are presented as a percentage of the control vi-
ability. Statistical analysis was conducted using two-way ANOVA. ***p < 0.001,
**p < 0.01, *p < 0.05, n = 3 replicates, vertical bars represent the s.e.m.
of intestinal fibroblasts is neither in suspension nor in fluid flow, it is possible the
reason for their very high death rate was due to the fact that they were exposed
to conditions outside of their cellular microenvironment. It is therefore interesting
to note that the breast cancer cell lines, also an intrinsically static cell type, were
able to quickly adapt to their altered conditions to survive at very high levels of
τw suspended in flow.
In MDA-MB-231 cells and primary T-cells, viability was unaffected by an in-
creasing Re (they were found to be not significantly non-zero), however a very
small increase in viability was statistically significant in the MTT results of MCF-
7 cells, the primary fibroblasts and the SH-SY5Y cells (p = 0.0471, p = 0.0016
and p = 0.0284 respectively). This was somewhat surprising as, according to equa-
tion 2.4, an increase in Q will lead to an increase in τ(r). Additionally, as seen
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Figure 4.10: Percentage of living cells that were circulating for 2 minutes, 10 min-
utes, 1 hour, 2.5 hours and 20 hours in the microfluidic circulatory system at a
speed of 0, 0.1, 0.5 or 1.0 rpm. **p < 0.01, *p < 0.05 and NS (non-significant) were
calculated based on paired student t-test analysis, courtesy of Fan et al. (2016).
previously in section 4.2.1, an increase in laminar shear stress on static cells re-
sults in decreased cell viability. However, a similar slight increase in the viability
of suspended colon cancer cells with increasing τw over a constant time frame in
a continuous flow circuit has also been previously observed (Fan et al. 2016). In
this study, colon cancer cells were circulated through a microfluidic device with
a 800 µm long constriction by a peristaltic pump for 20 hours. The constriction
resulted in τw values of 0-6.05 Pa, which are comparable to those used in this study
(0-10 Pa, see Table 3.3), and Re of up to 0.372, which are an order of magnitude
less than those presented in this chapter. Cell viability was assessed over a number
of time points using a Live/Dead assay (Life Technologies™), the results of which
can be seen in Figure 4.10.
As can be seen from the results, cell viability decreased over the 20 hour du-
ration of the study, to values less than those observed in this thesis, however this
could be due to the peristaltic pump, rather than the fluidic conditions that the
cells were subjected to (see Figure 4.3). What is particularly interesting, however,
is that within each time point after 1 hour, there was an increase in cell viability
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with an increase in flow rate, findings that are consistent with the results pre-
sented in this chapter, despite a different pump-delivery mechanism. The authors
of this study hypothesised that this was due to different regulation mechanisms of
intracellular signalling of cells in suspension and later studies have echoed this fur-
ther, finding that circulatory shear stress induces molecular changes, altering gene
expressions which are key regulators in the epithelial-to-mesenchymal transition
process (Cognart et al. 2020, Alvarado-Estrada et al. 2021). Furthermore, another
study carried out by Suwannaphan et al. observed a similar increase in leukocyte
viability with an increasing flow rate in spiral microchannels, however this may
also be attributed to an increased time duration in the channel at lower flow rates
(Suwannaphan et al. 2019).
The positive slope observed in these studies, as well as that observed in the
majority of cells in this study, point to the development of a protective effect
within the microchannel with an increase in Re. The elevations of the viability
were different, depending on the cell type, pointing to a type-dependant sensitivity
to Re. However, there was no significant differences observed between the slopes
of the viability between cell types and all slopes were were positive, indicating a
correlation between increasing Re and increasing viability. This points to a broadly
applicable effect due to increasing Re. This could be due to an increased focusing
effect of cells at the channel centre at higher Re, shielding them from potentially
damaging force effects closer to the channel wall. This implies that an increase
in the Re will have a universal benefit for all cell types suspended in fluid flow in
microfluidic devices as it correlates with an increasing viability. Cell specific regimes
therefore need to be designed to align with optimal cell viability in accordance with
these findings, that is, they should be operated at high Re for maximal benefit. The
limits of this positive correlation, however, have not been determined in this study
but may be of interest in future work, particularly given the positional locations.
In this study, it can be hypothesised that cells migrated to inertial positions
that shielded them from high levels of τw, allowing them to survive very high Re.
It also raises the argument that cell viability is not influenced at all by τw. Further
study is therefore required in order to investigate if the location of the cells in the
channel may decrease the level of τ(r) acting on each cell and therefore, increase
its chances of survival. This possibility is explored in further detail in Chapter 5.
It may also be of interest to examine the cell signalling mechanisms employed by
the cells possessing a high survival rate, particularly the breast cancer cells which
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were able to adapt to a suspension environment. This may provide insight into
how other traditionally static cells, such as fibroblasts, may be adapted to survive
similar microfluidic assays which might, counter-intuitively, be achieved through
increasing the flow rate through such devices. Furthermore, this study indicates
that flow adaptation could be a hallmark of metastatic disease, allowing solid tissue
derived cells to spread. This could provide a potential therapeutic target of cell
disruption.
4.2.10 Comparative Analysis of the Size of Different Cell
Types in Poiseuille Flow
In addition to the viability of the different cell types, the sizes of both the control
and tested cells were investigated as described in Chapter 3.4.4, in order to examine
if the viability of the cells correlated with gross morphological changes in the cell
types. These results are shown in Figure 4.11.
The investigation of the difference in cell sizes showed varying results. MCF-7
cells remained nearly identical in size both before and after suspension in Poiseuille
flow for 24 hours while the size difference in SH-SY5Y cells was found not to be
statistically significant (p = 0.1734). In the three other cell types, there were
significant changes, with MDA-MB-231 cells decreasing in size by 18% following
experimentation (p = 0.0004). Conversely, both primary T-cells and intestinal
fibroblasts experienced an increase in size of 18% and 19% respectively (p < 0.0001
and p = 0.0002 respectively). Currently, in cell cycle pathways, a decrease in
cell size is associated with apoptosis (Savage-Dunn 2008), while cell swelling is
associated with necrosis (Ferrer & Vidal 2018). Given that the two non-cancerous
cell lines have increased in size following the experiment, while all three of the
cancer cell lines were either unchanged or diminished in size, on initial inspection,
it may be tempting to argue that the experimental conditions result in necrosis in
the primary cells and apoptosis in the cancerous cell lines. This however may be
too simplistic an interpretation for a complex event. Indeed, it has recently been
shown that apoptotic cells can also undergo plasma membrane rupture in secondary
necrosis, leading to cell swelling (Zhang et al. 2018). Furthermore, pyroptosis, a
form of programmed necrosis, does not show any change in cell size, but rather
simply, a flattening of the cytoplasm (Zhang et al. 2018). Additionally, according
to Figure 4.9, in MCF-7 cells, MDA-MB-231 cells and T-cells there was little to
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Figure 4.11: The sizes of MCF-7 and MDA-MB-231 breast cancer cells, pri-
mary T-cells, primary porcine intestinal fibroblasts and SH-SY5Y neuroblastoma
cells in circulation. Statistical analysis was conducted using a paired t-test.
****p < 0.0001, ***p < 0.001, n = 3 replicates, vertical bars represent the s.e.m.
no change in viability, which would imply that the observed change in the sizes of
MDA-MB-231 cells and T-cells cannot be due to either apoptosis or necrosis but
rather points to a disruption in the cell signalling mechanisms which regulates this
parameter (Marshall et al. 2012). Finally, one of the fundamental characteristics
of cancer cells is an inhibition of cell apoptosis, and so this is less likely to be
the mechanism of cell death. It would perhaps be beneficial for future studies to
establish the mechanism of cell death in intestinal fibroblasts and SH-SY5Y cells,
be it apoptosis or necrosis, which may also point towards the reason for cell death.
It can be concluded from this data, however, that the cells’ viability is completely
unrelated to a change in the size of the cell.
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4.3 Summary
When interpreting the results of this study, certain limitations should be taken into
consideration. The circulatory vessel is designed on an idealised model to inves-
tigate the fundamental response of cells in Poiseuille flow. While this accurately
captures the environment such cells would be exposed to in a microfluidic device, it
may not accurately recapitulate the fluid mechanics of the in vivo vessels. Future
studies in excised vessels will build on this work. Furthermore, it not known if
the sensing and survival pathways or indeed the cell death pathways are common
between healthy and cancerous cells. Future work may focus on pathway analysis,
as well as investigating apoptosis or necrosis mechanisms which have been acti-
vated. Finally, while the results of this study show an increased viability with an
increasing flow rate, it may be that above a certain threshold, the cells are fully
focused and no longer benefit from an increasing Re. Indeed, beyond this, it is
possible that cells may experience a reduction in viability again as the flow rate
imparts greater forces on the cells. Further studies are required in order to ensure
that this is not the case.
From a biological perspective, the results of this study have potential impli-
cations in both the areas of cancer research and lab-on-chip devices. Cancer cell
metastasis is known to be a highly inefficient process with only 0.01% of circulating
tumour cells actually forming tumours at secondary sites (Chiang et al. 2016). It
was previously hypothesised that this low level of cancer cell extravasation was
due to their inability to survive the large shearing forces in the circulatory systems
(Barnes et al. 2012, Azevedo et al. 2015, Chiang et al. 2016, Regmi et al. 2017,
Goetz 2018, Xin et al. 2019, Calamak et al. 2020, Moose et al. 2020), however this
study has demonstrated otherwise. Rather, it indicates that the cells may be fo-
cused at the channel centre, thus shielding them from high shear, however further
studies, carried out in Chapter 5 will investigate this further.
Finally, these findings have implications in the developing areas of lab-on-a-chip
devices, flow cytometry and cell therapy. The results above indicate that cancer
cells do not experience adverse effects from the shear forces imposed in a mi-
crochannel. Furthermore, from these results, it can be concluded that microfluidic
techniques, primarily used for both research and diagnostic purposes, may produce
erroneous results due to cell damage from the fluidic forces in the microchannels,
particularly in the analysis of cells whose native environment is not that of a circu-
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lating cell or in suspension. This outcome is also particularly important in the case
of the cell therapies, where cells are required to be returned to the body and so
cannot be defective in any way, potentially causing further harm to a patient with
an already compromised immune system or depleting stocks of an already limited
source of T-cells. As it is unlikely that cells will be exposed to these conditions
for periods longer than 24 hours, researchers and health care professionals can be
confidant that these techniques are not causing a decrease in T-cell viability. These
methods can be used to ascertain the threshold shear that impacts the functional-
ity of any cell type, and therefore inform the design of any microfluidic device that
may be used in the diagnosis and treatment of disease. Furthermore, they have
implications in the targeted treatment of tumour cells which have the ability to
readily adapt to flow conditions.
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Chapter 5
The In Vitro Inertial Positions of
Cancer Cells in Suspension Under
Different In Vivo Flow Conditions
5.1 Introduction
In this chapter, the results on the positions of two representative cancer cell types
under Poiseuille flow conditions are presented and discussed. As seen in Chapter
4, primary T-cells, a naturally advecting cell type, were able to survive high shear
regimes, while a natively static cell type, primary intestinal fibroblasts were unable
to survive in identical conditions. Interestingly, both benign and metastatic breast
cancer cell types were also able to survive high shear levels. It was hypothesised in
Chapter 4 that this may be due to breast cancer cells congregating at the channel
centre, thus being in an area of low shear stress, permitting their survival. This
chapter aims to test this hypothesis by examining the local volume fractions of
MCF-7 and MDA-MB-231 breast cancer cells and comparing them to each other
and that of rigid particles.
The developed system allows for a range of vessel sizes and Q resulting in a large
range of Re and shear stresses and consists of microtubing, submerged in an index-
matched fluid, attached to an infuse/withdraw pump and particle streak imaging
was used to determine their inertial positions. The test method used is described in
Chapter 3.5. Two representative breast cancer cell lines were assessed; MCF-7 cells
and MDA-MB-231 cells. As outlined previously, the ability of a particle or a cell to
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deform may have an impact on its inertial position (see Chapter 2.2.2.2). Previous
studies have extensively examined the deformability or E of different cancer cell
lines and, more specifically, of MCF-7 cancer cells and MDA-MB-231 cancer cells,
as seen in Table 2.3. It has been noted that the more metastatic a cancer cell line
is, the lower its E will be. Therefore, malignant cells such as MDA-MB-231 cells
possess a lower E than those of benign cancer cells such as MCF-7 cells (Lee et al.
2012, Corbin et al. 2015, Coceano et al. 2016, Yousafzai et al. 2017), which may be
a contributing factor to the final inertial positions of the cells.
5.2 Results
5.2.1 Inertial Migration of Cancer Cells in Poiseuille Flow
The inertial positions of particles and breast cancer cells in circular channels under
varying Q, and therefore, different Re and τw were investigated using the inertial
migration set-up (see Chapter 3.5). In order to assess the effects of cell E on
In-Focus Particle
Out-of-Focus Particle
Figure 5.1: Raw image of MDA-MB-231 cells tagged with CellTrace™ in an 800 µm
microchannel, imaged using a 10x objective lens with a depth of field of 13 µm and
illuminated with an LED, filtered to a wavelength of 536 nm. 911 images were
captured and the intensity of each pixel was averaged over the image sequence.
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equilibrium position, the equilibrium positions of rigid particles of 10.22 ± 0.13 µm
and 27–32 µm diameter were also investigated. These equilibrium positions were
examined at a distance of ≈ 20 cm from the channel inlet, resulting in a length to
diameter ratio of 25-200, which is an appropriate length for inertial migration to
occur (Asmolov 1999, Matas et al. 2004a, Noso et al. 2015, Nakayama et al. 2019).
A raw image of MCF-7 cells flowing in the microchannel is shown in Figure 5.1.
The intensity of the recorded fluorescence at a point in the channel is propor-
tional to the quantity of cells or particles at that point. This intensity value was
averaged over the image sequence, non-dimensionalised (ND), and plotted against
the particles’/cells’ positions (see equations (3.2) and (3.3) in Chapter 3.5.6). These
plots can be seen in Table 5.1.
At low Q (Re < 5), more typical of the LS, particles remained at the chan-
nel centre. As Q increased, particles were distributed evenly across the channel
diameter until finally at high Q (Re > 5), closer to CS values, particles obtained
the inertial positions at 0.6 of the channel radius. The equilibrium positions of
10 and 30 µm particles at different Q were found to be in good agreement with
those published previously (Segré & Silberberg 1962a,b, Matas et al. 2004a, Kim
& Yoo 2008, Choi & Lee 2010, Kim & Yoo 2010, Kim et al. 2011). A similar phe-
nomenon was observed in suspended cell behaviour, however, cells failed to reach
the definitive inertial positions that particles did. Instead, they were more evenly
distributed across the area between the focusing points. Both the density and vis-
cosity of DMEM with 20% Percoll® are very similar to that of lymph. In addition,
it has been found that lymphatic flow can be represented by Poiseuille flow (Rah-
bar & Moore 2011). Therefore, these experiments, in particular those run at Q of
4.53×101 µL/min or less, are representative of the fluidic conditions experienced
by suspended cells in the LS. Q higher than this value result in a Re typically
not experienced within the lymphatics however would be representative of values
found in the blood vasculature. The difference between the particle distributions
and suspended cell distributions may be attributed to either particle size or E. The
size distributions of each individual cell line vary greatly (MCF-7 cells were found
to have a diameter of 24.7 ± 0.8 µm while MDA-MB-231 cells had an average size
of 18.9 ± 0.4 µm). The range of diameter sizes was also a lot larger than the range
of particle sizes which may explain why cells failed to reach the definitive inertial
positions that particles did.































Table 5.1: Equilibrium positions of 10 µm particles, 30 µm particles, MCF-7 breast cancer cells and MDA-MB-231 breast
cancer cells. η is the ratio of particle size to channel size ( dp
2R
, where dp is the particle diameter).
Channel Inner Diameter (µm)
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the channel width at Re > 5. Again, as is evident, both 10 and 30 µm particles
reached definitive inertial positions at 0.6 of the channel radius. 71.6% of 10 µm
particles are positioned between these two points, while 70.6% of 30 µm particles
are travelling in the same position. Meanwhile, MCF-7 cells and MDA-MB-231
cells were more evenly distributed throughout the channel, with MDA-MB-231
cells migrating more towards the channel centreline than MCF-7 cells. 66.3% of
MDA-MB-231 cells are located between 0.6 of the channel radius, while only 62.9%
of MCF-7 cells occupy the same area. This is in agreement with previous similar
studies (Hur, Henderson-MacLennan, McCabe & Di Carlo 2011, Morley, Walsh &
Newport 2017a) and it confirms that a lower E causes cells to migrate towards the
channel centre because the velocity gradient effects here are lower than those at
the channel wall. In addition, the deformability-induced lift force increases with
decreasing E, and so this also pushes the softer MDA-MB-231 cells towards the
channel centre. Therefore the physical properties of the cells (both size and E)
play interesting roles in the distribution of suspended cells in both lymphatic and
vascular vessels.
5.2.2 Comparison of Predicted and Experimental Viability
Having determined the positions at which the cells were concentrated, it was then
possible to determine an expected cell viability, based on these results, for compar-
ison with the investigated viability in these channels. Based off of the population
distribution (Figure 5.2), Poiseuille shear stress distributions (Figure 2.2 and equa-
tion 2.4) and the investigated cell viability curve in the cone and plate at known,
fixed shear stress (Figure 4.1d), a predicted cell viability curve was obtained for
each cell line suspended in Poiseuille flow at varying Q, and therefore, varying levels












where DP (x) is the population distribution curve as defined in equation (3.4)
(see Chapter 3.5.6) and V C(τ(r)) is the viability curve as a function of τ(r), the
Poiseuille shear stress distribution (see Appendix C.3). The viability curve is unique
to each cell type and the Poiseuille shear stress value can be defined as
τ(r) = (τw)(2)(|x − 0.5|) (5.2)
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Figure 5.2: The population density distributions of cells and particles at Re > 5.
The population of the particles/cells at each point in the channel are plotted as a
percentage of the total particle/cell population in the channel.
The viability prediction curves and the observed experimental results can be seen
in Figure 5.3.
The predicted viability of cell lines at varying τw levels in circulation is much
higher than the viability levels of the same cells under the same shear stress in a
cone and plate set-up. For example, only 11.5 ± 6.2% of MCF-7 cells in a cone
and plate at a constant shear of 6 Pa survive, however in circulation under a τw of
6 Pa, 70.44% of the same cells survive, based on this prediction. This due to the
fact that cells were observed to be more concentrated at the channel centre rather
than at the walls. What is interesting, however, is that following an increase in Q
and therefore the τw, there was predicted to be a drop in viability, however, the
experimental results show that viability remained consistent in MDA-MB-231 cells,
and a slight increase was seen in MCF-7 cells. The MCF-7 value was 28.5% lower
than predicted from the cone and plate, however the MDA-MB-231 value was close
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Predicted MCF-7 Cell Viability from Cone and Plate
Predicted MDA-MB-231 Cell Viability from Cone and Plate
MCF-7 Cell Viability
MDA-MB-231 Cell Viability



















Figure 5.3: The predicted viability and experimental viability (a compound graph
of trypan blue and MTT results) of breast cancer cells in circulation. Note the
values of τw are calculated based on the Q in Poiseuille Flow (as per equation 2.5)
and are not the shear stress values experienced by the cells in the suspension.
to the predicted model. At a τw of 10 Pa (or a shear stress value of 6 Pa at 0.6 of
the channel radius), MCF-7 and MDA-MB-231 cell viability was 2.6 times and 2.8
times larger than predicted from the cone and plate respectively.
This raises the possibility that τw is not a critical force pertaining to cell viability
at Q experienced by cells in the LS or the CS, but rather other factors may be
responsible for cell viability. These findings also imply that MCF-7 cells, while
more resistant to shear stress while adhered to a surface, are more sensitive to
varying levels of shear and shear stress gradients whilst in suspension. Additionally,
as previously seen in Table 5.1, cells are less focused at their inertial positions at
lower Re and so may be exposed to higher shearing forces as a result, leading to
recovered viability as a result of increased focusing.
Another possible explanation for the viability rates observed in Chapter 4, are
that the intrinsic differences within each cell type are responsible for the widely
114
CHAPTER 5. IN VITRO CANCER CELL POSITIONS
differing viabilities between cell types. These mechanisms allow cells to survive in
their native environments or, in the case of breast cancer cells, allow them to easily
adapt to a changing environment to allow them to thrive in different locations.
It may also be possible to use other factors to more accurately predict cell via-
bility in microchannels such as ∇τp or the shear gradient across the channel width,
as has been previously suggested (Morley, Newport & Walsh 2017), or perhaps,
more fundamentally, the properties of the cells themselves, such as E, may be able
to provide some indication as well.
5.3 Summary
It can be concluded from this work that it is impossible to compare the viability
of cells in the suspended environment to that in the adherent environment, even
following adjustment for the local shear stress experienced by the cells in a channel.
This raises the question as to why the metastasis rate of cancer cells from the in
vivo circulatory environment is so low (0.01%), which could point to reasons other
than local shear stress for cell death. It could be the case that the more turbulent,
pulsatile nature of the CS is too harsh an environment for the CTCs. This is
reinforced by studies which have found high levels of CTC death in peristaltic
pumps (Fan et al. 2016, Regmi et al. 2017, Jin et al. 2018). Additionally, metastasis
is more likely to occur through the LS, where fluid flow can be approximated
to that of Poiseuille flow, like that which was recapitulated in the syringe pump
experiments, further strengthening this argument. Certainly, it is also possible
that cell viability is not the reason for low extravasation levels, but rather, an
inability of cells to adhere to a surface due to such flow conditions. Indeed, if
the E determines the cell’s inertial position, as is indicated in this study, it may
consequentially influence a cell’s chances of vessel wall adherence. The effect that
this has on cell inertial position is explored further in Chapter 6.
While previous research has examined the velocity profiles of particles and red
blood cells in flow bifurcations (Doutel et al. 2013, Kodama et al. 2019), the in-
ertial positions of cancer cells in such vessels would also be worth examining to
investigate if cell adhesion is more likely here. More research is needed on the true
factors that prevent circulating tumour cell dissemination through the circulation
as these factors could potentially be harnessed in order to develop effective cancer
treatments.
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From a microfluidics viewpoint, this study furthers the limited knowledge avail-
able on the migration of deformable particles. While this area has recently seen
a renewed interest, the majority of studies are computational and continue to fo-
cus on square or rectangular channels. The requirement for fundamental studies




The Influence of Cell Elastic
Modulus on Inertial Positions in
Poiseuille Microflows
6.1 Introduction
Microchannels are used as a transportation highway for suspended cells both in
vivo and ex vivo. Lymphatic and cardiovascular systems transfer suspended cells
through microchannels within the body while microfluidic techniques such as lab-
on-a-chip devices, flow cytometry and CAR T-cell therapy utilise microchannels
of similar sizes to analyse or separate suspended cells ex vivo. Understanding the
forces that cells are subject to whilst travelling through these channels is important
as certain applications exploit these cell properties for cell separation. This study
investigated the influence that cytoskeletal impairment has on the inertial positions
of circulating cells in laminar pipe flow.
As seen previously in Chapter 5, E is a potential factor influencing the inertial
position of a cell in channel flow. The effect that E has on the advection of cells,
particles or vesicles and their inertial positions in channels, has important applica-
tions both within and without the body. It is critical to further our understanding
of such concepts, as they will inform the design of in vitro diagnostic and treatment
techniques, such as flow cytometry and lab-on-chip devices, as well as facilitating
a greater understanding of different illnesses in vivo, such as malaria, sepsis or
even metastatic cancer. Indeed, it may also aid the improvement of cell separation
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techniques which already rely on the difference in elasticity between cells.
The aim of this work is to investigate the effects that different E have on the
inertial positions of cancer cells. Cytochalasin D, an alkaloid, which, when used
to treat cells, disrupts their actin micro-filament cytoskeleton, thus altering their
physical properties (Schliwa 1982, Peng et al. 2011), was used in order to decrease
E of two representative cell lines, MCF-7 and MDA-MB-231 breast cancer cells, to
different levels. Cytochalasin D binds to the barbed end of actin filaments, inhibit-
ing both the association and dissociation of subunits, thus causing a breakdown in
actin filaments within the cell. These cells were chosen as in the preceding Chapter,
they have been shown to occupy different inertial positions in circular microchan-
nels, while a previous study has reported similar results in square microchannels
(Morley, Walsh & Newport 2017a). Additionally, they have been shown to possess
significantly different E (Guck et al. 2005, Coceano et al. 2016, Raj et al. 2017,
Yousafzai et al. 2017) and similar sizes, while both cancer cell lines are derived
from the same tissue source. Particle streak imaging was used to determine their
inertial positions in circular microchannels. Upon observing a shift in the locations
of treated and untreated cells, as well as a difference between cell types, the size,
shapes and E of the cells were investigated in order to determine which of these
mechanical properties influenced the cells’ inertial positions. The sizes and shapes
of cells in suspension were determined using cell imaging, while nanoindentation
techniques were used in order to compare their E. This nanoindentation technique
has previously been used in order to determine E of cells (Qiu et al. 2010, Chen
2014, Hayashi & Iwata 2015, Yallapu et al. 2015) and other biological materials
(Cahalane & Walsh 2020). This will further our knowledge of the effect that cell E
has on the advection of cells and their inertial positions in channels, informing the
design of in vitro diagnostic and treatment techniques. Indeed it may also aid the
improvement of cell separation techniques which already rely on the differences in
E between cells (Faivre et al. 2006, Hou et al. 2010, Hur, Henderson-MacLennan,
McCabe & Di Carlo 2011).
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6.2 Results
6.2.1 Effects of Cytochalasin D on Actin Filament Deple-
tion in Adherent Cancer Cells
In order to examine the level of actin depolymerisation, cells were fixed and actin
filaments and nuclei were stained with phalloidin and DAPI stains respectively and
imaged using a confocal microscope as described in Chapter 3.6. Example images
of treated and untreated MCF-7 cells can be seen in Figure 6.1. Nuclei (DAPI)
are shown in blue while the actin cytoskeleton (phalloidin) are displayed in green.
Similar results were observed in MDA-MB-231 cells.
a) b)
Figure 6.1: Confocal images of (a) untreated, stained MCF-7 cells and (b) stained
MCF-7 cells, following exposure to cytochalasin D for 15 minutes. Cells were
stained using DAPI (blue) for nucleus staining and phalloidin (green) for actin
staining.
As can be seen from the initial raw images, there is a decrease in the intensity
of the cells following exposure to the cytochalasin D drug, indicating that a certain
degree of actin disruption has taken place. The numbers of cells were counted using
nuclear staining and there were no significant differences detected in the number of
cells between treated and untreated wells. These images were then analysed using
CellProfiler™ (McQuin et al. 2018), examining cell intensity, the results of which
are displayed in Figure 6.2a.
Figure 6.2a shows a significant decrease of between 40.6 and 46.5% in the fluo-
rescent intensities of these cells between untreated MCF-7 cells and all other levels
of treatment (p < 0.0001). However, this effect plateaued after longer exposure to
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Figure 6.2: (a) Average cell intensity of adherent MCF-7 cells with and without
exposure to cytochalasin D. (b) Average cell size of adherent MCF-7 cells with and
without exposure to cytochalasin D. Similar results were observed in MDA-MB-231
cells. Statistical analysis was conducted using two-way ANOVA. ****p < 0.0001,
***p < 0.001, **p < 0.01, vertical bars represent the s.e.m.
cytochalasin D, with no significant change in cell intensities recorded between the
5 minute, 15 minute and 35 minute groups. For this reason, all further experiments
were conducted after exposing cells to cytochalasin D for 15 minutes. Additionally,
this exposure time has been used by previous studies examining its effects (Schliwa
1982). Furthermore, there exists a significant fluorescence intensity discrepancy
between untreated MCF-7 cells, and untreated MDA-MB-231 cells (p < 0.0001),
while all MCF-7 cell test groups exposed to cytochalasin D exhibit a comparable
intensity to that of MDA-MB-231 cells. The data also illustrates, in agreement
with previous literature (Schliwa 1982), that exposure to cytochalasin D, results
in inhibited actin filament polymerisation, leading to a reduction in phalloidin-
stained actin and therefore, a significant decrease in cell intensity across the plate.
A significant reduction in cell size of between 36.9 and 50.4% between untreated
MCF-7 cells and all treatment groups (p < 0.0001, see Figure 6.2b) is consistent
with decreased cell spreading and an increase in cell rounding, as the reduction
of supporting actin filaments causes reduced structural support in the cell, caus-
ing it to collapse in on itself, a typical effect of actin depolymerisation in the cell
(Heinrich et al. 2008).
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6.2.2 Inertial Migration of Cancer Cells of Altered Cy-
toskeleton in Poiseuille Flow
To test the inertial positions of cells in different sized channels, streak images of
the cells advecting in the channels were obtained (see Chapter 3.5). The cells were
then further perturbed with cytochalasin D to investigate if their position would
change. Population density distribution curves were calculated from 12 datasets
comprising of 911 images for each experimental condition, as described previously
in equations 3.2, 3.3 and 3.4. Experiments of different η were compared to each
other. These were compared to both untreated MCF-7 cells and MDA-MB-231
cells, the results of which can be seen in Figure 6.3.
The results agree with previous findings; that the MDA-MB-231 cells were
focused at the channel centre while MCF-7 cells were more evenly distributed across
the channel width (Amini et al. 2014, Zhang et al. 2016, Stoecklein & Di Carlo 2019)
at all η. For example, at η ≈ 0.171, 61.46% of MCF-7 cells were focused between
0.6 of the channel radius in comparison with 63.78% of MDA-MB-231 cells, while
at η ≈ 0.021, 63.35% of MCF-7 cells were focused between 0.6 of the channel
radius in comparison with 67.51% of MDA-MB-231 cells. After the addition of
cytochalasin D to the rigid MCF-7 cells, inertial migration began to occur towards
the centre of the channel in all cases, in the same direction as the MDA-MB-231
cells, with, for example, an increase of 0.23% of MCF-7 cells between 0.6 of the
channel radius following cytochalasin D exposure at η ≈ 0.171, and an increase of
1.52% of MCF-7 cells between 0.6 of the channel radius following cytochalasin D
exposure at η ≈ 0.114. Furthermore, the MDA-MB-231 cells, following cytochalasin
D exposure, also migrated towards the channel centre in all channels apart from at
η ≈ 0.171. Interestingly, the extent of migration seemed to decrease in the larger
η ≈ 0.021 channel following exposure to the drug. This may indicate a decreased
dependency of inertial migration effects on cell E in larger channels.
As all experimental sets were conducted over the same fluidic conditions, includ-
ing Q and channel sizes, the discrepancies in the inertial positions of the different
cells and their treated counterparts must be due to the physical properties of the
cell. As previously discussed, according to the balance of particle force equations
that dictate the inertial position of the cells, this could be due to either the diameter
of the cell or its E.
An additional consideration to be taken into account, as mentioned previously,
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Figure 6.3: The population density distributions of cells at Re > 5 at (a) η ≈ 0.171,
(b) η ≈ 0.114, (c) η ≈ 0.057 and (d) η ≈ 0.021. The population of the cells at each
point in the diameter of the channel are plotted as a percentage of the total cell
population in the channel, where 0 and 1 are the channel walls. The lighter shading
represents the s.e.m. Note that the markers are for visualization purposes only, to
differentiate between lines, and are not representative of the points measured in
the experiment.
is the shear-induced diffusion experienced by the cells due to collisions and hy-
drodynamic interactions of the cells in flow. Though the volume fraction is low
(≈ 0.32%), the shear rates encountered in this experiment are quite large (ranging
approximately from 320-160000 s−1). Therefore, as the shear-induced diffusion is
proportional to the volume fraction by the shear rate (Podgorski et al. 2011), it is
likely that it has some effect on cell dispersion. Furthermore, the increased focusing
observed with a decreasing E resulted in higher local cell volume fractions at the
channel centre, thereby increasing the shear-diffusivity here. From these results,
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the local volume fraction of cells between 0.6 of the channel radius increased by
up to 19.5%, which, due to the proportional relationship, would lead to a similar-
sized increase in the diffusivity. Therefore, the additional spread of population
distributions can be explained by collisions and interactions between the individ-
ual cells (Loewenberg & Hinch 1997, Kumar & Graham 2012, Grandchamp et al.
2013). This effect was then balanced out by the inertial lift forces, influenced by
the deformability of the cells, to give the inertial distributions shown in Figure 6.3.
A potential change in elasticity leads to changes in Ca and λp, which can induce
a shape change, thereby impacting the cell’s position. Indeed, it has been shown
experimentally that the viscosity of a cell increases significantly with increased
actin polymerisation (Adeniba et al. 2020), implying that depolymerisation results
in decreased viscosity. This in turn, reduces λp, which occurs with exposure to
cytochalasin D. This pushes more deformable cells towards the channel centre,
which agrees with previous computational studies on droplets (Hassan & Wang
2020). For this reason, the size and shape of both treated and untreated cells in
suspension were measured. E was chosen as a good measure of deformability as
this parameter has recently been used to examine its effects on cell-like particles
(Dubay et al. 2020), and so, nanoindentation experiments were conducted on both
treated and untreated cells from each cell type.
6.2.3 Effects of Cytochalasin D on Size and Shape in Sus-
pended Cancer Cells
Cells in suspension were imaged as described in Chapter 3.7 in order to ascertain
the effects of cytochalasin D on the cell size and circularity. These images were then
analysed using a MATLAB® script, the results of which are displayed in Figures
6.4a and 6.4b, respectively.
Figure 6.4a indicates that overall, the level of cytochalasin D exposure had
no significant effect on the sizes of MCF-7 cells (p = 0.7596 and p = 0.9983).
Furthermore, there was no significant size discrepancy between untreated MCF-
7 cells, and untreated MDA-MB-231 cells (p = 0.6702). Figure 6.4b also shows
that there is no statistically significant change in circularity in these cells following
treatment with cytochalasin D (p = 0.9105 and p = 0.8314 in MCF-7 and MDA-
MB-231 respectively). Additionally, there were no significant differences between
MCF-7 or MDA-MB-231 cells (p = 0.2186). This indicates that, due to reduced
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Figure 6.4: (a) Average cell size of suspended MCF-7 and MDA-MB-231 cells with
and without exposure to cytochalasin D. This is in contrast with the size of adherent
cells measured in Figure 6.2b. (b) Average cell circularity of suspended MCF-7
and MDA-MB-231 cells with and without exposure to cytochalasin D. Statistical
analysis was conducted using two-way ANOVA. Vertical bars represent the SEM
internal support by the depletion of the actin filament, cytochalasin D does not
affect the size of the cell in suspension. However, more importantly, it verifies
that the changes observed in the cells’ inertial positions following treatment of
cytochalasin D cannot be attributed to a change in either the size of the cell or its
shape.
6.2.4 Cell Elastic Modulus of Cancer Cells
As it was ascertained that the observed change in the inertial positioning of the
cell was neither due to a change in its size nor its shape, the elastic moduli of
different cell types exposed to cytochalasin D were then investigated to determine
if a change in the cells’ deformabilities had occurred. Cells were nanoindented
using a nanoindenter as described in Chapter 3.8, investigating the elastic moduli
of the different cell types exposed to cytochalasin D. As it is difficult to establish
the absolute value of the elastic moduli of cells, with little agreement between
previous studies which can vary by up to five orders of magnitude (see Table 2.3),
the aim of this experiment was to establish if there were differences between the
elastic moduli of the cells, that is, to compare them relatively to each other, and
not to determine their actual elastic moduli in suspension. It was therefore deemed
appropriate to use the nanoindentation technique where cells are normally adherent
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during testing. These results can be seen in Figure 6.5.













































































Figure 6.5: The elastic moduli of MCF-7 and MDA-MB-231 cancer cells with and
without exposure to cytochalasin D. Statistical analysis was conducted using two-
way ANOVA. ****p < 0.0001, ***p < 0.001, **p < 0.01, vertical bars represent
the s.e.m.
Figure 6.5 shows that as expected, there is a significant difference between
the E of untreated benign MCF-7 cancer cells and their metastatic counterparts
MDA-MB-231 cancer cells (p < 0.0001), with MCF-7 cells possessing an E of
752.3 ± 49.8 Pa and MDA-MB-231 cells with an E of 367.5 ± 40.2 Pa. This is in
good agreement with previous studies which have shown that benign cancer cells
are stiffer than their metastatic counterparts (Coceano et al. 2016, Yousafzai et al.
2017, Corbin et al. 2015), particularly Lee et al. (2012) who reported similar values
of 800 ± 20 Pa and 500 ± 25 Pa in MCF-7 and MDA-MB-231 cells respectively
using atomic force microscopy.
The values of E significantly decreased in both MCF-7 cells and MDA-MB-231
cells with the addition of cytochalasin D (p = 0.0033 and p = 0.0040 respectively).
However, while confocal microscopy indicated that actin filaments in MCF-7 cells
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had been depleted following treatment with cytochalasin D to comparable levels
of those found in MDA-MB-231 cells, the results of the nanoindentation experi-
ment disproved this hypothesis. Indeed, treated MCF-7 cells appeared to reach
a threshold reduction in E with those treated for 15 minutes with cytochalasin
D (618.0 ± 41.1 Pa) remaining significantly stiffer than untreated MDA-MB-231
cells (p = 0.0001). Furthermore, there remained a considerable difference between
treated MCF-7 cells and treated MDA-MB-231 cells (p < 0.0001 between cells
treated for 15 minutes).
The decreased E as seen in Figure 6.5 implies that the shape of the cells is
altered by the fluidic conditions in the channel, incited by changes in Ca and λp
(see equations 2.16, 2.17 and 2.18), which lead to changes in the deformability-
induced force and consequently, the cells’ inertial position. As there was no change
in the size or shape of suspended, static cells (see Figure 6.4), it can be concluded
that the cytochalasin D alone did not directly affect the size and shape of the cell
but rather, weakened the cell structure, allowing it to be more readily manipulated
by the fluidic forces in the channel.
6.3 Summary
As a reduction in the elastic modulus resulted in movement towards the centre of
the channel, it is likely that the change in the properties of the dispersed phase
led to a decrease in λp, as seen previously in equation 2.18, and an increase in
Ca, as seen previously in equations 2.16 and 2.17, leading to an increase in the
deformability-induced forces, and a subsequent shift in the cells’ locations towards
the channel centre. Taking into account the experimental parameters used in this
study, and the investigated values of E, Ca ranged from 1.4 ×10−8 - 1.9 ×10−5.
This is quite low in comparison to those investigated previously (Takeishi & Imai
2017, Hassan & Wang 2020, Farutin & Misbah 2013, Nishino et al. 2005), however,
as previously mentioned, E cannot be assumed to be the absolute value of the
elastic modulus of the cells in suspension, and so this value of Ca may not be
accurate. It does, however show an increase in the Ca of 8.5% in MCF-7 cell
experiments with the addition of cytochalasin D, and an increase of 50.7% in the
Ca of experiments conducted with MDA-MB-231 cells following the addition of
cytochalasin D. It can therefore be concluded that there is a relationship between
the deformability-induced force and the elastic modulus of the suspended particle.
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Similar studies examining the trajectories of vesicles computationally (Hassan &
Wang 2020, Farutin & Misbah 2013), vesicles experimentally (Dubay et al. 2020,
Coupier et al. 2008), and RBCs experimentally (Geislinger et al. 2012, Grandchamp
et al. 2013, Losserand et al. 2019) have shown that a decrease in λp results in
increased migration towards the channel centre, a finding that agrees with the
results presented in this study. Furthermore, previous measures of the viscosity of
MCF-7 cells (Adeniba et al. 2020) result in λp values in this experiment of ≈ 2.3,
which are comparable values to some of those investigated in the above studies.
While interpreting the results of this study, certain limitations must be taken
into consideration. Both the actin staining of cells and nanoindentation techniques
were performed on adherent cells, due to the constraints of these methods. While
this allows for the relative measurement of actin depletion and E of these cells
respectively for comparison with each other, it may not give a true indication of
what these values are in suspension. Indeed, it has previously been shown that
the rigidity of cancer cells in suspension may increase in order to improve their
chances of survival in the high shear regimes that pervade the circulatory system
(Chivukula et al. 2015, Jiménez-Zenteno & Cerf 2020, Moose et al. 2020). For this
reason, future studies might use techniques which examine cell E in circulation such
as optical tweezers or T-junction deformation. Furthermore, this study examined
the effects of elasticity on steady-state flow of cells. It may be interesting for future
work to examine similar phenomena of cells in developing flow, particularly as
lab-on-a-chip devices tend to be approximately 44 mm in length.
From a microfluidics perspective, this study furthers the available knowledge
on the migration of deformable particles. While this area has recently seen a re-
newed interest, the majority of studies are computational or focus on non-biological
particles such as vesicles. Cell-based assays, such as this, can provide similar fun-
damental results for particle populations which possess larger variabilities within
the sample population. This is particularly useful in the area of microfluidic-based
cell sorting where cells are divided based on their physical properties, such as E.
Additionally, other separation techniques such as inertial-based techniques (Karimi
et al. 2013) that use spiral or curved channels may be enhanced by such findings by
determining the elastic moduli of the cells under investigation in order to optimize
their design. To this end, it may also be useful for future studies to examine if
these cell distributions segregate as a function of particle size and/or shape and to
examine if these factors have a greater or lesser influence on the inertial positions
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of cells than the modulus.
From a biological aspect, the results of this study have potential implications
in the research of diseases which involve a change in the physical properties of
suspended cells such as malaria (Hou et al. 2010), sepsis (Morikawa et al. 2015), or
indeed cancer progression (Yousafzai et al. 2017). It is now clear that a change in
the E of a cell will influence its inertial position in a microfluidic device and this may
well be the case in an in vivo environment as well, particularly in the lymphatics
where lower fluid velocities allow this fluid profile to be replicated as Poiseuille
flow (Rahbar & Moore 2011). However, as fluid velocities in the lymphatics are so
low, this may not allow sufficient time for cells to reach inertial positions in this
environment, perhaps allowing them to reach the wall. This may explain the four-
fold larger rate of metastasis in the lymphatics in comparison to the CS, despite the
fact that this study indicates that more deformable, metastatic cells should reside
at the channel centre, away from the wall where extravasation needs to occur for
successful metastasis. Though this study was not able to clarify this point, it may
pave the way for future studies to examine inertial behaviours of these cells in







An extensive literature review into published work on the current, fundamental
theories behind fluidic forces and inertial focusing acting on cells in suspension was
carried out (see Chapter 2). Currently, there is a comprehensive understanding of
the advection of rigid particles in microchannels. A level of complexity is added,
however, when deformable particles are used, particularly when the deformable
particles are living cells, whose functionality and viability can also be impacted by
the same fluidic forces that dictate their location in the channel.
An experimental study to investigate the viability responses of two representative
breast cancer cells lines (MCF-7 and MDA-MB-231 cells) in a cone and plate at
varying levels of shear stress was carried out (see Chapter 4). Upon reaching
threshold values, the viability of both cell lines decreased linearly with an increase
in the shear stress level. Stiffer MCF-7 cells are more resistant to this form of
shear stress than MDA-MB-231 cells with approximately 30% more MCF-7 cells
surviving at each shear stress level than MDA-MB-231 cells.
The viability response of five cell lines in an in vitro circulatory model under
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varying levels of τw were found. It was shown that a peristaltic pump, while ideal for
replicating in vivo flow, imposes additional forces on cells that has a negative impact
on their viability. Therefore, it is necessary to factor in this consideration when
designing experiments examining effects due to the flow regime alone. Interestingly,
despite the static results, the increasing shear stress rate did not significantly affect
the viability of MDA-MB-231 cells and MCF-7 cells were affected only to a very
slight degree. It was found that after a circulation period of 24 hours there was no
drop in the viability of T-cells. The viability of neuroblastoma cells and primary
intestinal fibroblasts were significantly lower than other cell types. Additionally,
according to the MTT results, there was a slight increase in cell viability with
increasing flow rate in three of the five cell types.
This indicates that different cells have different levels of sensitivity, implying
that in cell isolation regimes and separation methods, parameters will need to tai-
lored to the individual cell population under investigation. It also shows that there
exists both cell types that can be considered to be ‘professional advectors’ who are
insensitive to different flow rates while others, more used to a static environment,
are significantly impacted upon being suspended in flow. Interestingly, it was found
that breast cancer cells belong to the former group. These results have implications
for lab-on-a-chip devices, flow cytometry and, in particular, CAR T-cell therapy,
where the viability of cells following suspension in laminar flow in microchannels
is critical.
An experimental study was carried out to investigate the inertial positions of two
breast cancer cell lines (MCF-7 and MDA-MB-231 cells) (see Chapter 5). The
distribution of 10 µm particles, 30 µm particles, MCF-7 cells and MDA-MB-231
cells across the channel width were found. At low Re (Re < 5), cells remained
at the channel centre, however as the Re increased past this, the cells became
uniformly distributed between 0.6 of the channel radius. Benign, stiffer MCF-
7 cells were more evenly distributed across the channel width than metastatic,
deformable MDA-MB-231 cells.
These results were then used to estimate the viability of cells in a microchannel
and compared to experimental results. They indicated that wall shear stress in
in vitro conditions are not a good indicator for the viability of suspended cells.
The local shear distribution on the cell surface may be a better indicator of cell
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viability in a microchannel, however, further investigations are required in order to
determine if this is the case.
These results have implications in both microfluidics and cancer research. They
develop the limited knowledge available on the migration of deformable particles in
circular microchannels at low Re, defining parameters required for more in-depth
computational studies of the phenomenon. Furthermore, they indicate that shear
stress experienced by cells in circulation is not responsible for their death, implying
that other factors may be responsible for the low levels of cancer cell viability in
the in vitro circulation. The results also highlight the importance of considering
the migration of such cells in the development of future lab-on-a-chip and flow
cytometry devices, as well as cell therapy techniques.
An experimental study to alter the physical properties of representative cell lines,
including their elastic modulus, was carried out in order to investigate the impact
that this change has on the inertial positions of these cells (see Chapter 6). It was
found that cytochalasin D disrupts the actin filaments in a cell and therefore its
physical properties, namely its elastic modulus. However, the size and circularity
of suspended, static cells are not affected by cytochalasin D exposure.
The distribution of untreated MCF-7 cells and MDA-MB-231 cells, and MCF-
7 and MDA-MB-231 cells which had been treated with cytochalasin D, was also
investigated. In agreement with previous studies, benign, stiffer MCF-7 cells were
found to be more evenly distributed across the channel width than metastatic,
deformable MDA-MB-231 cells. A decrease in the E of the MCF-7 cells resulted
in migration towards the channel centre. These results indicate that the primary
factor that dictates the inertial positions of deformable particles such as cells or
vesicles of similar sizes, is its E. This information may have predictive value in
applications of similarly sized cell or non-rigid particle separation.
These results develop the limited knowledge available on the effect that cell
elasticity has on the advection of cells and their inertial positions in channels. Fur-
thermore, these methods will inform the development of future inertial microfluidic
devices, such as lab-on-a-chip and flow cytometry devices, in order to better and
more effectively process or separate cells in suspension.
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7.2 Recommendations for Future Work
The overall aim of this thesis was to establish the fluidic context that circulating
cells are exposed to, with an objective to ascertain whether there are any poten-
tial environmental factors arising from in vitro microfluidic flow that affects their
behaviour. While this aspect has been extensively researched in the preceding chap-
ters, a large body of work remains to be completed, as well as questions arising
from the current studies that need to be answered.
From the conducted review, it is clear that there are significant gaps in the
current knowledge on cells in suspension that require further study. While a num-
ber of studies have examined the inertial migration of particles and cells in rigid
microchannels, to this author’s knowledge, none have looked at the same effects
in deformable channels. Future studies in deformable channels will aid us in the
understanding of cell advection in the capillaries, potentially furthering our knowl-
edge of nutrient exchange or cancer metastasis, and could be extended further to
incorporate similar studies in excised vessels. In contrast, the majority of viability
studies in circulatory models examine this outcome only in deformable microchan-
nels, and have not compared these results to the viability in rigid-walled channels.
This makes it difficult to estimate the viability of these cells in certain in vitro chan-
nels, as the native environment of these cells being one with deformable channel
walls, may result in reduced viability outside of these situations.
The studies presented in this thesis examined cell phenomena in conditions that
are more akin to those in an in vitro environment, however don’t reflect either the
CS or the LS completely. Vessel architecture can be replicated by 3D printing scans
of vessels, from either the CS or the LS, or, as mentioned previously, excised vessels
may be of interest to look at after this. Additionally, the flow regimes in each of
these environments would have to be replicated. While replicating the pulsatile
flow conditions in the CS, in order to avoid the negative squeezing effects in the
peristaltic pump, syringe pumps can be programmed with a blood flow waveform
that has been measured in vivo. In the LS, fluid is propelled primarily through
peristaltic motion, so perhaps an adjusted peristaltic pump would be appropriate
in this instance, however the level of compression in the vessel would have to be
taken into account. It is also possible that other cells present in both systems will
influence both position and viability of any circulating cells in the fluid. This is of
particular interest in the CS, where nearly half of the fluid volume is composed of
132
CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS
cells. It may therefore be of interest to future investigators to use blood or lymph
as a fluid rather than the cell media used in these experiments.
While it is clear from the data that shear stress experienced by circulating cells
has no impact on their viability, further studies are required in order to ascertain
the true factors that cause the low levels of tumour cell metastasis in circulation
(≈ 0.01% success rate). As these factors could potentially be harnessed in order to
develop effective cancer treatments, more research in this area is required. While
this is advantageous in breast cancer treatment, it remains to be seen if the same
can be said for other cancer cell types. These methods can be used to ascertain
the threshold fluidic conditions that impacts the functionality of any cell type, and
therefore inform the design of any microfluidic device that may be used in the
diagnosis and treatment of disease or for cell separation. For example, from the
current findings, it may be preferable to run flow cytometers at higher flow rates in
order to lessen cell death. As the suggested alternative indicators in this study, such
as the shear stress distribution on the cell or the shear stress gradient across the
channel width, are very difficult to measure experimentally, computational studies
may be required to conduct a more in-depth analysis of these factors.
The experimental work carried out in this thesis also examined the impact that
cell E has on its inertial locations. The investigation into the elastic moduli of the
cells was carried out on adherent cells. To this end, this method was satisfactory for
a comparative analysis of the elastic moduli of the cells however, in order to be able
to derive an expression predicting the inertial migration of a cell, having measured
its elastic modulus, a method measuring the modulus of a suspended cell may be
more accurate than nanoindentation which requires the cell under investigation to
be adhered to a surface. Methods such as micropipette aspiration, deformability
cytometry, T-junction deformation or optical tweezers all analyse the mechanical
properties of cells in suspension and so may be used to numerically establish the
relationship between the cell’s elastic modulus and its inertial locations.
Though it was established in Chapter 5 that the inertial positions, and by
extension, the shear stresses, that cells are exposed to in a microchannel are not
a good predictor of cell viability, it may still be worth looking at these values in
T-cells, intestinal fibroblasts and SH-SY5Y cells in order to rule it out completely
as a reason for cell death in Chapter 4. Alternatively, the elastic moduli of these
cells could be measured, and using the data gathered in Chapter 6, could be used
to obtain an estimate of the distribution of each cell type across the channel width.
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This may not only conclusively disprove the relationship between the wall shear
stress and cell viability which was shown in Chapter 4, but it may also provide a
bank of data to begin investigating alternative causes of cell death in the circulation
such as the shear stress distribution on the cell or the shear stress gradient across
the channel width.
Furthermore, the studies investigating the change in cell sizes in circulation
raised more questions than it answered, which would certainly be of interest to
attempt to address in future work. Though it was touched upon with these inves-
tigations, it was not conclusively shown whether the primary mode of cell death
caused by suspension in fluid flow is either apoptosis or necrosis. This could be
investigated in future studies in a fairly straightforward manner using either pro-
pidium iodide dye to indicate necrosis or the fluorescent tag annexin V to specify
apoptosis. It would be interesting to ascertain whether different cell types expire
in different manners in circulation as hinted at by the results of the cell size study,
or it may indicate that the changes in cell size are not linked to cell death at all,
but rather may be as a result of altered cell activity when exposed to circulatory
conditions. Either way, these results would be of particular interest in the case of
the cancer cells as it may point towards potential treatments for metastatic cancers.
Finally, in the context of in vivo environment replication, while this study
accurately captures the environment such cells would be exposed to in a microfluidic
device, it may not accurately recapitulate the fluid mechanics of the in vivo vessels.
Using these studies as a stepping-stone, future studies will need to first examine
cell behaviour in bifurcating channels, before focusing first on microfluidic tissue-
engineered cardiovascular and lymphatic vessel models, and ultimately leading to
studies in excised vessels.
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An outline of the statistical methods used in the analysis of results presented in
this thesis are included below.
A.1 Analysis of Variance
In these studies, ANOVA was used to determine if statistical significance was
present between control conditions and different test conditions. It is carried out
to compare variables between three or more groups in a series of five steps. For N
number of groups, where the elements of each group are experimental replicates,
the steps are outlined as:








where x̄j is the mean value of group j, nj is the number of experimental
repeats in group j and ji is the ith term in the group j.








where x̄ is the mean of all of the groups and N is the total number of groups.
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All statistical analysis was carried out using a confidence interval of 95%









− N), the critical value can be determined. If
FST ≥ the critical value, the group means are statistically different.
A.2 Two Sample Unequal Variance t-test
In these studies, a two sample unequal variance t-test was used to calculate p-values
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ts and df can then be used to determine the p value from the tables of probability
distributions.
A.3 Paired t-test
In these studies, a paired t-test was used to calculate p-values between groups,





























































Additionally, the degrees of freedom (df ) can be defined as
df = n − 1 (A.11)
ts and df can then be used to determine the p value from the tables of probability
distributions.
A.4 Robust Regression and Outlier Removal
In these studies, a ROUT analysis was used to identify outlying data points to
eliminate from the study. In brief, the method fits a model to the data usilisng a
method where outliers have little impact. It then uses an outlier detection method
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to determine which points are far enough from the prediction of the model to be
called outliers. This detection method is based on the false discovery rate, whereby
the maximum false discovery rate is specified. As the method is mathematically
complex, the specifics have not been included here, however, can be investigated




Below is a technical drawing of the casing of the microfluidic device used in inertial

















































The MATLAB® codes used for the image processing of the inertial migration ex-
periments as well as the MATLAB® codes for the size and shape analysis of cells
in suspension are included below.







6 %% PART 1: WALL LOCATION %%
7
8 disp('Step 1: Wall Location');
9 Path1 = input('Input the file path to the calibration image: ', 's')
;
10 Name1 = 'Calibration00001';
11
12 Wall_Im_Path = strcat(Path1, '\', Name1, '.tif');
13 Wall_Im = imread(Wall_Im_Path);
14
15 % Rotates the images for visualisation purposes
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16 Wall_Im_Rotate = rot90(Wall_Im);
17
18 % Averages the greyscale values of the image across the rows
19 Wall_Im_Mean = mean(Wall_Im,2);
20
21 % Calculates the difference between the averages of each row
22 Wall_Im_Diff = diff(Wall_Im_Mean);
23
24 % Absolute value of the differences
25 Wall_Im_Abs = abs(Wall_Im_Diff);
26
27 S = size(Wall_Im_Abs);
28
29 Threshold = input('Enter the threshold value desired for wall
detection (for the initial detection, a value of 2 is recommended
): ');
30
31 % Calculates position of the walls
32 [Wall1,Wall2] = Wall_Detection(S,Wall_Im_Abs,Threshold);
33
34 figure
35 subplot(4,1,1);imagesc(Wall_Im_Rotate);title('A: Original Image (
Rotated)');
36 subplot(4,1,2);plot(Wall_Im_Mean);title('B: Mean Greyscale Values of
Image Columns');ylabel('Greyscale Value');
37 subplot(4,1,3);plot(Wall_Im_Diff);title('C: Difference Between
Adjacent B Values');ylabel('Greyscale Value');
38 subplot(4,1,4);plot(Wall_Im_Abs);title('D: Absolute Values of C');
xlabel('Height (Pixels)');ylabel('Greyscale Value');
39
40 fprintf('Wall location complete. The distance in pixles to the first
wall is %d, while the second is at %d pixles.\n', Wall1, Wall2);
41 disp('Inspect generated graphs for accuracy');
42
43 disp('Step 1 is complete.');
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C.1.1.1 Function: Wall_Detection
1 function [Wall1,Wall2] = Wall_Detection(S,Wall_Im_Abs,Threshold)
2 % This function detects the two walls in a PTV image
3
4 % Wall1 is the location of the upper wall in pixles from the top of
the image
5 % Wall2 is the location of the lower wall in pixles from the top of
the image
6 % S is the size of the matrix Wall_Im_Abs
7 % Wall_Im_Abs is a 1xS matrix of the absolute values of the
differences between the averaged pixel values of the rows of the
image to be analysed
8 % Threshold is the sensitivity level of the function
9 for i = 1:S
10 if Wall_Im_Abs(i,1) >= Threshold





16 for j = S:−1:1
17 if Wall_Im_Abs(j,1) >= Threshold






1 %% PART 2: CROP IMAGES %%
2
3 disp('Step 2: Image Sequence Crop');
4 Name2 = 'Image1_%05i';
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5 Im_No = 911;
6
7 % Matrix of the paths to the original images (OIP = Original Image
Paths)
8 OIP = cell(1,Im_No);
9 for i = 1:Im_No
10 OIP{i} = strcat(Path1, '\', num2str(i, Name2), '.tif');
11 end
12
13 % Matrix of the paths to the new images (NIP = New Image Paths)
14 NIP1 = cell(1,Im_No);
15 for i = 1:Im_No




19 % Crops the images according to the wall positions
20 Im_Cropped = cell(1,Im_No);
21 for i = 1:Im_No
22 Im1 = imread([OIP{i}]);
23 Im_Cropped{i} = Im1(Wall1:Wall2,:);
24 end
25




30 disp('Step 2 is complete.');
C.2 Inerital Migration Image Analysis
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3 clc
4
5 %% PART 1: IMAGE MATRIX %%
6
7 disp('Step 1: Image Matrix');
8 disp('If images have not already been preprocessed, please use the
ImagePreProcessing script before using this one.');
9 Path1 = input('Input the file path to the images to be processed: ',
's');
10 Ch_Size = input('Enter the diameter of the channel in um: ');
11 Test_No = input('Please enter the test number (1−6): ', 's');
12 Im_No = 911;
13
14 % Matrix of the paths to the original images (OIP = Original Image
Paths)
15 OIP = cell(1,Im_No);
16 for i = 1:Im_No




21 % Creates an array 'Im_Inten_Coll' where the array is the same size
as the pixles in each image. Each cell consists of a 1 x Number
of Images matrix which contains all of the intensity values for
each image at that particular pixel.
22 y = size(imread([OIP{1}]),1);
23 x = size(imread([OIP{1}]),2);
24 Im_Inten_Coll = cell(y,x);
25 Im_Inten_Coll(:) = {zeros(Im_No,1)};
26 for i = (1:Im_No)
27 Im = imread([OIP{i}]);
28 for j = 1:y
29 for k = 1:x
30 [Im_Inten_Coll{j,k}(i,1)] = Im(j,k);
31 end
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35 % 'Im_Flou' is a matrix that has the same number of values as '
Im_Inten_Coll' has cells. Each value of 'Im_Flou' is the mean of
the equilivent cell's values of 'Im_Inten_Coll'.
36 Im_Flou = zeros(y,x);
37
38 for i = (1:y)
39 for j = (1:x)




44 % Non−demsionalise the intensity values
45 Max = max(max(Im_Flou));
46 Im_Flou_Plot = Im_Flou/Max;
47
48 Figure1 = figure;
49 imagesc(Im_Flou_Plot); title('Figure 1: Average Fluorescence over
the Channel Area'); xlabel(['Channel Length(', num2str(Ch_Length)
, '\mum)']); ylabel(['Channel Width (', num2str(Ch_Size), '\mum)'
]);
50 Figure2 = gca; Figure2.XTickLabel = {}; Figure2.YTickLabel = {}; set
(gca,'DataAspectRatio',[1 1 1]); set(gca, 'FontName', 'Montserrat
Light', 'FontSize', 8); Figure1.Color = 'w'; c = colorbar; c.
Label.String = 'Intensity Value';
51
52 disp('Step 1 is complete.');
C.2.2 Calculation of Intensity Distribution Function
1 %% PART 2: INTENSITY DISTRIBUTION FUNCTION %%
2
3 disp('Step 2: Intensity Distribution Function');
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4 Ch_Length = round((Ch_Size/y)*x);
5
6 % Averages the intensity values of the image across the rows
7 Flou_Mean = mean(Im_Flou_Plot,2);
8
9 Figure3 = figure;
10 plot(Flou_Mean,'color', [0.08 0.22 0.49]); title('Figure 2: Average
Fluorescence across the Channel Width'); xlabel(['Channel Width('
, num2str(Ch_Size), '\mum)']); ylabel('Fluorescence');
11 Figure4 = gca; Figure4.XTickLabel = {}; Figure4.YTickLabel = {}; set
(gca, 'FontName', 'Montserrat Light', 'FontSize', 8); Figure3.
Color = 'w';
12
13 disp('Step 2 is complete.');
C.2.3 Calculation of the Population Distribution Curve
1 %% PART 3: POPULATION DISTRIBUTION CURVE %%
2
3 disp('Step 3: Population Distribution Curve');
4
5 Palette = [0.65 0.75 0.22; 0.41 0.58 0.8; 0.08 0.22 0.49; 0.42 0
0.25; 0.82 0.07 0.29; 0 0 0; 0.65 0.75 0.22; 0.41 0.58 0.8; 0.08
0.22 0.49; 0.42 0 0.25; 0.82 0.07 0.29; 0 0 0];
6
7 Path2 = input('Input the file path to the fluorescent intensity
plots: ', 's');
8 S = 12;
9 % Note: Make sure that the fluorescent intensity plots are all
numbered differently in the format: 'Fluorescence−*.mat', where *
is the number of the plot. There should be 12 plots in total;
100 um: 7.55e−10 m^3/s, 3.23e−9 m^3/s, 8.10e−9 m^3/s, 1.62e−8 m
^3/s, 150um: 7.55e−10 m^3/s, 3.23e−9 m^3/s, 8.10e−9 m^3/s, 1.62e
−8 m^3/s, 300 um: 3.23e−9 m^3/s, 8.10e−9 m^3/s, 1.62e−8 m^3/s,
and 800 um: 1.62e−8 m^3/s. They can be numbered in whatever order
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you please.
10
11 Intensity_Plots = cell(1,S);
12 Plot_Areas = (0);
13 Cell_Pop_Plots = cell(1,S);
14 for j = 1:S
15 Plt = load(strcat(Path2, '\', num2str(j, 'Fluorescence−%i'), '.
mat'));
16 % Imports the plots into the script.
17 Intensity_Plots{j} = cat(1,Plt.Flou_Mean);
18 Size1 = size(Intensity_Plots{j},1);
19 % Non−dimensionalises the channel width.
20 for k = 1:Size1
21 Intensity_Plots{j}(k,2) = (1/Size1)*k;
22 end
23 % Calculates the area under the resulting curve.
24 Plot_Areas(j) = trapz(Intensity_Plots{j}(:,2), Intensity_Plots{j
}(:,1));
25 % Divides the intensity values by the area under the
curve. This generates a new curve (
Cell_Pop_Plots) whose area is 1. This means that
the area under the curve represents 100% of the
cells and the curve is their distribution across
the channel width.
26 for k = 1:Size1
27 Cell_Pop_Plots{j}(k,1) = (Intensity_Plots{j}(k,1))/
Plot_Areas(j);




32 Figure3 = figure;
33 hold on
34 for j = 1:S
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35 plot(Cell_Pop_Plots{j}(:,2), Cell_Pop_Plots{j}(:,1), 'color',
Palette(j,:));
36 end
37 title('Figure 3: Cell Population Densities under 12 Conditions');
xlabel('Non−Dimensionalised Channel Width'); ylabel('Percentage
of the Cell Population at each Point in the Channel Width (%)');




41 Size2 = size(Cell_Pop_Plots{1},1);
42
43 % Copies the first array into the Average_Pop_Plot matrix.
44 for j = 1:Size2
45 Average_Pop_Plot(j,1) = Cell_Pop_Plots{1}(j,1);
46 Average_Pop_Plot(j,2) = Cell_Pop_Plots{1}(j,2);
47 end
48
49 % Compares the position values in each of the other arrays to the
first array. If two positions are the same, it averages the cell
population value. if the position in the new array does not match
any of the current values, it adds the value in to the end of
the matrix.
50 for j = 2:S
51 Size3 = size(Cell_Pop_Plots{j},1);
52 for k = 1:Size3
53 Size4 = size(Average_Pop_Plot,1);
54 for m = 1:Size4
55 if Average_Pop_Plot(m,2) == Cell_Pop_Plots{j}(k,2)
56 Average_Pop_Plot(m,1) = ((Average_Pop_Plot(m,1)+
Cell_Pop_Plots{j}(k,1))/2);
57 break
58 elseif m == Size4
59 Average_Pop_Plot(Size4+1,1) = Cell_Pop_Plots{j}(k,1)
;
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66 % This sorts the Average_Pop_Plot values in order of positions. It
came from the 'Matlab' book (see page 296−297).
67 for j = 1:length(Average_Pop_Plot)−1
68 k = j;
69 for m = j+1:length(Average_Pop_Plot)
70 if Average_Pop_Plot(m,2) < Average_Pop_Plot(k,2)
71 k = m;
72 end
73 end
74 temp(1,1) = Average_Pop_Plot(j,1);
75 temp(1,2) = Average_Pop_Plot(j,2);
76 Average_Pop_Plot(j,1) = Average_Pop_Plot(k,1);
77 Average_Pop_Plot(j,2) = Average_Pop_Plot(k,2);
78 Average_Pop_Plot(k,1) = temp(1,1);
79 Average_Pop_Plot(k,2) = temp(1,2);
80 end
81
82 Figure4 = figure;
83 plot(Average_Pop_Plot(:,2), Average_Pop_Plot(:,1), 'color', [0.65
0.75 0.22]);
84 title('Figure 4: Averaged Cell Population Densities'); xlabel('Non−
Dimensionalised Channel Width'); ylabel('Percentage of the Cell
Population at each Point in the Channel Width (%)');
85 set(gca, 'FontName', 'Montserrat Light', 'FontSize', 8); Figure4.
Color = 'w';
86
87 % Takes the average plot of the 12 graphs and averages its values
from each end in order to make it symmetrical.
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88 L = length(Average_Pop_Plot);
89 for j = 1:(L/2) % Note: If the number is uneven, change this value
to (L/2)+1
90 Average_Pop_Plot2(j,1) = (Average_Pop_Plot(j,1)+Average_Pop_Plot
((L+1)−j,1))/2;
91 Average_Pop_Plot2(j,2) = Average_Pop_Plot(j,2);
92 Average_Pop_Plot2((L+1)−j,1) = (Average_Pop_Plot(j,1)+
Average_Pop_Plot((L+1)−j,1))/2;
93 Average_Pop_Plot2((L+1)−j,2) = Average_Pop_Plot((L+1)−j,2);
94 end
95
96 % Smooths the noisy data into one, nice smooth line.
97 L = length(Smooth_Plot2);
98 Smooth_Plot = smoothdata(Smooth_Plot2(:,1));
99 for j = 1:L
100 Smooth_Plot(j,2) = Smooth_Plot2(j,2);
101 end
102
103 Figure5 = figure;
104 hold on
105 plot(Average_Pop_Plot2(:,2), Average_Pop_Plot2(:,1), 'color', [0.65
0.75 0.22]);
106 plot(Smooth_Plot(:,2), Smooth_Plot(:,1), 'color', [0.41 0.58 0.8]);
107 title('Figure 5: Symmetricalised Cell Population Densities'); xlabel
('Non−Dimensionalised Channel Width'); ylabel('Percentage of the
Cell Population at each Point in the Channel Width (%)');
108 set(gca, 'FontName', 'Montserrat Light', 'FontSize', 8); Figure5.
Color = 'w';
109 lgd = legend('Raw Data', 'Smoothed Data');
110 hold off
111
112 disp('Step 3 is complete.');
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C.3 Prediction of Cell Viability based on Cone





5 disp('Prediction of Cell Viability Across the Channel Width');
6
7 Path1 = input('Input the file path to the cell population
distribution plots: ', 's');
8 disp('Which cells are we analysing today?');
9 disp('MCF−7 Cells − F');
10 disp('MDA−MB−231 Cells − D');
11 Cell_Type = input('Please input your choice: ', 's');
12
13 if Cell_Type == 'F'
14 Cell_Description = 'MCF−7';
15 break
16
17 elseif Cell_Type == 'D'








26 SP1 = load(strcat(Path1, '\Population_Density_Curve.mat'));
27 Smooth_Plot = cat(1,SP1.Smooth_Plot);
28
29 % The shear stress function is calculated from wall shear stress
values ranging from 1 to 10, and is based on the assumption that
the wall shear stress varies linearly across the channel width.
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The viability profile is calculated by inputting the shear stress
to the viability equation (calculated from cone and plate
experiments) and multiplied by the population distribution plot
created in previous code. There are different viability equations
for each cell type.
30 Viab_Profile = cell(1:10);
31 L = length(Smooth_Plot);
32 if Cell_Type == 'F'
33 for i = 0:10
34 for j = 1:L
35 Shear_Stress = i*2*abs((Smooth_Plot(j,2))−0.5);
36 if Shear_Stress <= 1.8042
37 Viab_Profile{i+1}(j,1) = ((Smooth_Plot(j,1))/100)
*100;
38 Viab_Profile{i+1}(j,2) = Smooth_Plot(j,2);
39 else
40 Viab_Profile{i+1}(j,1) = ((Smooth_Plot(j,1))/100)*((
abs((−21.4853*(Shear_Stress))+138.737)
+(−21.4853*(Shear_Stress))+138.737)/2);




45 elseif Cell_Type == 'D'
46 for i = 0:10
47 for j = 1:L
48 Shear_Stress = i*2*abs((Smooth_Plot(j,2))−0.5);
49 if Shear_Stress <= 0.1571
50 Viab_Profile{i+1}(j,1) = ((Smooth_Plot(j,1))/100)
*100;
51 Viab_Profile{i+1}(j,2) = Smooth_Plot(j,2);
52 else
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60 % Integrates the area under each viability profile plot to get the
total viability at each wall shear stress value.
61 for i = 0:10
62 Viability(i+1,1) = i;




66 Figure1 = figure;
67 plot(Viability(:,1), Viability(:,2), 'color', [0.65 0.75 0.22]);
68 title(['Figure 6: Estimated ', Cell_Description, ' Cell Viability'])
; xlabel('Wall Shear Stress (Pa)'); ylabel('Percentage Cell
Viability (%)');










5 %% PART 1: CLEAN IMAGES %%
6
7 disp('Step 1: Image Cleaning');
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8 Path = input('Input the file path to the image: ', 's');
9 Name = input('Input the name of the image: ', 's');
10 Im_Sample = rgb2gray(imread(strcat(Path, '\', Name, '.tif')));
11
12 for i = 1:10
13 Threshold1 = input('Input the threshold value (0−255) desired
for image cleaning (for the initial detection, a value of 50
is recommended): ');
14 Length = size(Im_Sample,1);
15 Width = size(Im_Sample,2);
16 [Im_Clean] = Image_Clean(Im_Sample,Length,Width,Threshold1);
17 figure
18 imshow(Im_Sample);title('A: Original Image');
19 figure
20 imshow(Im_Clean);title('B: Cleaned Image');
21 end
22
23 disp('Step 1 is complete.');
C.4.1.1 Function: Image_Clean
1 function [Im_Cleaned] = Image_Clean(Im,Length,Width,Threshold)
2 % This function cleanes background noise from images in a sequence
3
4 % Im_Cleaned is the cleaned image
5 % Im is the uncleaned image
6 % Length is the number of rows in the image matrix
7 % Width is the number of columns in the image matrix
8 % Threshold is the greyscale value below which values are discarded
9
10 for j = 1:Length
11 for k = 1:Width
12 if Im(j,k) >= Threshold
13 Im_Cleaned(j,k) = 0;
14 else
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1 %% PART 2: PARTICLE ANALYSIS %%
2
3 disp('Step 2: Particle Analysis');
4
5 Bou_Sample = bwboundaries(Im_Clean);
6 Prop_Sample = regionprops(logical(Im_Clean));
7 Prop_Sample2 = regionprops(logical(Im_Clean),'Perimeter');
8 C1 = cat(1, Prop_Sample.Centroid);
9 A1 = cat(1, Prop_Sample.Area);
10 P1 = cat(1, Prop_Sample2.Perimeter);
11 C2 = [];
12 A2 = [];
13 E2 = [];
14
15 figure
16 imshow(Im_Sample); title('C: Particles with Boundaries and Centroids
');
17 hold on
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27 Diam_Min = input('Input the minimum area of the particles. Particles
below this size will be discarded(Reccommended: 30): ');
28 Diam_Max = input('Input the maximum area of the particles. Particles
above this size will be discarded(Reccommended: 250): ');
29
30 for j = 1:size(C1,1)
31 if A1(j,1) >= Diam_Min && A1(j,1) <= Diam_Max
32 k = size(C2,1);
33 C2(k+1,1) = C1(j,1);
34 C2(k+1,2) = C1(j,2);
35 A2(k+1,1) = A1(j,1);





41 imshow(Im_Sample); title('D: Particles with Boundaries and Filtered
Centroids');
42 hold on





48 AverageArea = mean(A2);
49 AreaStDev = std(A2);
50 AverageCircularity = mean(E2);
51 CircularityStDev = std(E2);
52 fprintf('The mean particle area is %d um and the standard deviation
is %d pixles.\n', AverageArea, AreaStDev);
53 fprintf('The mean particle circularity is %d um and the standard
deviation is %d.\n', AverageCircularity, CircularityStDev);
54
55 disp('Step 2 is complete.');
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